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ABSTRACT
Wildland firefighters (WLFFs) are inserted as the front-line defense to minimize loss of natural
resources, property, and human life when fires erupt in forested regions of the world. The WLFF
occupation is physically demanding as exemplified by total daily energy expenditures that can
exceed 25 MJ/day (6000 calories). WLFFs must also cope with complex physical and environ-
mental situations (i.e., heat, altitude, smoke, compromised sleep, elevated stress) which challenge
thermoregulatory responses, impair recovery, and increase short- and long-term injury/health
risks while presenting logistical obstacles to nutrient and fluid replenishment. The occupation also
imposes emotional strain on both the firefighter and their families. The long-term implications of
wildfire management and suppression on the physical and mental health of WLFFs are significant,
as the frequency and intensity of wildland fire outbreaks as well as the duration of the fire sea-
son is lengthening and expected to continue to expand over the next three decades. This article
details the physical demands and emerging health concerns facing WLFFs, in addition to the chal-
lenges that the U.S. Forest Service and other international agencies must address to protect the
health and performance of WLFFs and their ability to endure the strain of an increasingly danger-
ous work environment. © 2023 American Physiological Society. Compr Physiol 13:4587-4615,
2023.

Didactic Synopsis
Major teaching points
• Wildland firefighters (WLFFs) serve as the first line of

defense to manage, control, and contain wildfires.

• WLFFs work within specialized teams and their opera-
tional tasks vary depending on the wildland fire manage-
ment tactics employed for the active fire. Line crews take
responsibility for constructing the fireline that contains the
fire.

• WLFF must be physically fit to endure the long hours
of physically demanding manual labor performed in a
dynamic and complex environment.

– The basic physical demands of the job necessitate a
minimum threshold of pre-season physical fitness.

– Line crew members in the United States must be able
to pass a work capacity test called the Arduous Pack
Test; which simulates the metabolic demands of the job
tasks.

– The metabolic demands of common fireline tasks have
been and should continue to be used to drive policy
and recommendations for pre- and early-season physi-
cal training and job qualifications.

• The physical demands of the WLFFs labor results in high
daily energy expenditures and daily water losses.

– Measurements of WLFFs on assignment using the
gold standard doubly labeled water method reveal
total daily energy expenditures ranging from 12 to
26 MJ/24 h (2800–6200 calories/24 h).

– Nutritional support must overcome the logistical
challenges associated with the remote locations of
fire camps and a widely distributed workforce; some
of whom may not be able to return to the fire camp
between work shifts for several days.

– Between-shift recovery of muscle bioenergetic stores
can become compromised if adequate dietary car-
bohydrate is unavailable. WLFFs typically consume
approximately 6 to 8 g/kg of dietary CHO each day
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when they are afforded sources ad libitum. When
military rations (MREs) are provided, daily CHO
intakes are considerably less due to the relatively low
amount of carbohydrate in the ration.

– Daily water losses and the resulting turnover which
are largely determined by TDEE and the ambient
temperatures in which the energy is expended
typically range from 6 to 10 liters/24 h and 0.35 to
0.5 liters/MJ/24 h (1.5–2.0 liters/kcal/24 h). Fire man-
agement must ensure that sufficient fluid is available
to meet these relatively large daily water losses.

• WLFF typically meet their daily energy, protein, and fluid
needs.

– Observational studies consistently reveal that body
mass and total body water remain more or less sta-
ble day over day when adequate food and water is
available.

– Total daily protein intake usually meets or exceeds the
recommendations for active individuals (approximat-
ing 1.8 g/kg/day).

– Total sodium intake from dietary sources (solid foods
and fluids) is generally >6000 mg/day, suggesting that
additional supplemental electrolyte consumption is not
warranted when adequate food is available.

• Tactical nutrition has shown potential for postponing
fatigue and improving performance within a workshift.

– Increasing the number of eating episodes that is, snack-
ing, during the workshift, and the availability of
supplemental-carbohydrate-rich sources have posi-
tively impacted workshift activity patterns.

– Within-shift eating also appears to work even when
WLFF consume insufficient energy to balance their
daily energy expenditure.

• The physical and emotional demands of firefighting pro-
duce metabolic adaptations, but the magnitude and
directionality appear dependent on the WLFF pre-season
fitness and the environmental stressors they experience
during the season.

– Those who begin the season with higher aerobic capac-
ity tend to detrain and those less fit during pre-season
testing demonstrate positive adaptations across the
season.

– Within a crew, the alterations in sustainable metabolic
loads become homogeneous and coincide with the
upper metabolic demands of hiking on the fireline
(∼35 mL/kg/min).

– Seasonal exposure to prolonged heat stress improves
general heat tolerance in crews.

– How muscular strength changes over the season is
presently unknown.

– There is evidence that metabolic health may be deteri-
orating across the season as negative changes in blood
lipids, intrahepatic lipid, body mass, and body compo-
sition are being observed.

– We speculate that the occupational stresses experi-
enced during a season (i.e., perturbations in sleep, diet,
smoke, stress, and various levels of fitness) interact
synergistically to influence these postseason metabolic
health status changes.

Introduction
Wildland firefighters (WLFFs) are the first line of defense
when fire outbreaks occur and are the critical human element
for the emergency/management response to wildland fire.
WLFFs are specifically trained to deal with fires burning
on unimproved and mountainous lands. They are inserted at
the fire outbreak and work to manage and suppress the fire.
While much of their work entails manual labor, auxiliary
heavy machinery, such as bulldozers, may be used to assist
with the clearing of trees and brush to create large firebreaks
to contain or steer the fire. Likewise, air support (specialized
planes and helicopters) may lay down fire suppressants and
water to dampen and slow the progression of a fire. The time
a WLFF crew will spend at a given fire ranges from a few
hours up to months-long engagements.

The hand crews carry their supplies and gear to and from
the fireline daily, usually over undeveloped, rugged land.
When at the fireline, they work with various hand tools
(modified shovels, rakes, pick axes) to contain the fire; often
on steep slopes and uneven terrain. Shifts are often 12 to 16 h
long. The physical exertion of their labor and their time on
shift can drive total daily energy expenditures (TDEE) up to
26 MJ/24 h (6200 calories/24 h) (40, 109).

Conflating to the exertional demands, the hand crews
endure a myriad of occupational/environmental stressors
including ambient and radiant heat (37), smoke exposure (83),
nutritional challenges (39), acute and chronic fatigue/stress
(physical, cognitive, emotional), and sleep disruption (5).
These challenging environmental factors layered atop the
arduous physical demands mean that physical injury risk is
ever present.

In addition to the overt physical risks of the occupation,
the emotional burden that WLFFs endure is just beginning
to be understood from scientific and clinical perspectives.
The unpredictable nature of wildfire can itself heighten anx-
iety. A separate and growing threat to the WLFFs emotional
health is experienced through the repeated and extended time
away from home. The problems presented by emotional sep-
aration are likely to worsen in years to come as wildland fires
grow in intensity and frequency, necessitating an extension in
length of the fire season.

The current collective understanding of the physical bur-
den that WLFFs endure is based on detailed measurements
acquired through a host of research approaches during active
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assignments (40, 96, 109), through studies in controlled
laboratory settings (136), and from experiments in simulated
field settings (137, 140). From these studies, we now have
a good understanding of the necessary attributes to be a
successful WLFF, the energy costs associated with WLFF
manual tasks, the physiological strain they endure during
wildland fire management and how WLFFs successfully
self-regulate (15).

In this article, we describe how wildland fire crews are
deployed and utilized during a wildfire outbreak. Moreover,
this article details how the typical daily activities and envi-
ronmental conditions alter the physical demands, in addition
to the underlying physiological responses experienced by
WLFFs on the fireline. Contemporary understanding for
effective fatigue countermeasures (optimized early season
training, workforce fitness requirements, and fluid and nutri-
ent delivery) are discussed within the context of current best
practices within the field. This article presents emergent
evidence which demonstrates both potentially favorable
(47, 71) and negative (29, 101) responses to the season-long
stresses incurred by the WLFF workforce. In particular, the
metabolic perturbations that may present over the course
of a WLFF season will be discussed. Finally, this article
summarizes both the acute (single or multiple work shifts)
and chronic (seasonal) physiological responses in the WLFF
so that clinicians, health care providers, trainers, nutritionists,
crews, incident management teams, and administration can
be better informed about this evolutionary topic.

Wildland Fire Incidence and
Management
Over the past 60 years, approximately 10% of the landmass
in the United States has experienced a fire outbreak. These
fires have erupted from natural causes (e.g., lightning) and
human actions (either intentional or unintentional). In the
western forested areas of the United States (US), the cumu-
lative effects from generations of aggressive suppression
efforts (19, 26) and prolonged drought have resulted in the
accumulation of abundant dead/highly flammable material
throughout the forest floor.

The historic fire of 1910, which famously impacted both
Montana and Idaho, was a major precipitating factor behind
the U.S. instituting a national policy of aggressive fire sup-
pression. Portending of modern wildfire events, the landmark
fire of 1910 was notable both for its intensity and the mag-
nitude of land mass that was impacted. Over the course of
2 days, 3 million acres of land, timber, and structures were
burned. A total of 86 persons died, most of whom were
firefighters attempting to manage the fire. At that time, the
country was well positioned for revolutionary change in
governmental fire policy, as the U.S. Forest Service (USFS)
had been created some 5 years prior to the 1910 blaze.
Just as important, the WLFF workforce under the auspices
of the USFS had matured to point where sweeping policy

change directed at wildland fire suppression could be executed
within a bureaucratic climate of relative efficiency (118).

More than 100 years later, it is evident that generations
of aggressive fire suppression have led to the accumulation
of flammable biomass over large swaths of land across the
mountain west regions of the United States. Compounding
the matter, drought conditions have emerged over the last
40 years as an independent factor, synergistically adding to
the risk of hard-to-manage fire events. During this time frame,
fire mitigation strategies have become more challenging too,
as relatively dense suburban populations have encroached
upon previously remote wilderness settings with significant
fire risk (18). Given the ongoing warming of the climate,
unprecedented wildfire frequency, and volume are expected
to further threaten life and property (1, 126).

Today, fire management plans reflect the pragmatic under-
standing that wildland fire is a natural part of the ecological
process. The tactical objectives outlined for managing wild-
fire incidents prioritize threats to life, private property, critical
infrastructure, and cultural/national resources. The use of
human resources (i.e., WLFFs) and combinations of heavy
equipment (i.e., engines, bulldozers, and specialized aircraft)
on wildland fire assignments vary dependent on the appli-
cation of management strategies, containment options, and
targeted suppression tactics. Within this dynamic context,
WLFFs are frequently dispatched as the first line of defense,
a fact that comes at the potential cost to both their acute
and chronic health (13). The human element remains the
cornerstone of comprehensive wildfire management.

Wildland Fire Assignments
Wildland fire management teams organize specialized crews
of WLFFs, in addition to ancillary resources to most effec-
tively negotiate, manage, and/or actively suppress wildfires.
Between fires, resource allocation depends on the incident
location and the perceived risk to the various prioritized
assets (life, property, environmental resources). While coun-
terintuitive to some, rapid suppression may not always be the
first priority when fires ignite in large forests on mostly unin-
habited national lands devoid of critical resources. Instead,
management teams implement strategies to identify the
current and future fire behavior based on weather conditions
and predictive models. In many instances, this approach may
default to thrifty resource allocation (e.g., modest number
of crews) if there is not an immediate need to establish a
firm perimeter against well-established communities, neigh-
borhoods, and other critical resources. Such circumstances
are commonplace in large forests where built structures and
communities are at relatively low risk based on the remote
location of the fire, and regardless of the land mass involved.
In contrast, when communities and structures (private homes,
ranches, farms, and other economic or cultural settings)
are threatened by wildfire, management teams more often
shift their strategic priorities to containment and active
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suppression, attempting to minimize damage to the commu-
nity, but maintaining firefighter and public safety as the first
directive. Indeed, this approach becomes increasingly com-
plex in areas identified as the wildland-urban interface, where
moderately dense forest and expanded ground fuels mingle
with community development and population expansion.

For large incidents of high priority, staffing of crews and
management teams are organized around a central location
or fire camp. Fire camps are mobile, temporary facilities that
provide the infrastructure to accommodate sleep, food, and
sanitation for the personnel deployed to the incident and serve
as the central location of logistical and communication sup-
port for the large fire incident. Crews of WLFFs generally
deploy from the main fire camp each morning after their daily
safety and shift plan meetings and are typically transported to
targeted drop points along the established operational perime-
ter of the fire. From there, WLFF crews ingress hike to the
designated fire perimeter and as a team initiate fireline con-
struction to limit the spread and/or deploy other tactics to best
manage the fire’s behavior.

Wildland Firefighter Roles and
Responsibilities
Wildfire assignments are typically in remote locations and
accessible only by foot. The WLFFs traverse the difficult
terrain packing the necessary gear, tools, food, and fluids
to perform their daily shift work. The extensive physical
demands of the job and the ground force operations they
operate within have remained relatively unchanged from the
early years of the USFS to the 21st century, regardless of
the relative increase in wildfire activity and incident size.
The physical demands of the job are persistent, ongoing, and
require the deployment of an extensive and capable human
workforce that is expected to sustain seasonal performance
and health, despite repeated, daily exposure to environmental,
and occupational hazards.

The USFS organizes the WLFF workforce by geographic
region. Within any defined region, a range of different crew
configurations are assembled and broken into districts, which
may be associated with a specific National Forest, State,
or county. Despite some organizational differences across
the regions that affect the approaches used to manage and
combat fire, there is consistency in regard to WLFF man-
power organization. For example, there are two types of hand
crews, designated as Type I and Type II. Districts commonly
organize seasonal Type II hand crews (commonly consisting
of 20 crewmembers) and these crews principally respond to
and manage local wildland fires. If the National Preparedness
escalates and requires that crew resources are needed to assist
in other districts or regions, the Type II crew(s) may then be
mobilized to support this need.

Type I hand crews are referred to as Interagency Hotshot
Crews (IHC) and they are seasonally assembled to serve
as a national resource and regularly leave their region and

travel across the country, commensurate to the National
Preparedness level and locations of wildland fire incidents of
high priority. There are just over 100 IHC crews sponsored
by the USFS, the National Park Service, the Bureau of Land
Management, the Bureau of Indian Affairs, as well as state
and county agencies.

IHCs are highly specialized hand crews. They possess
demonstrated technical skills, have received extensive wild-
land firefighting training, and maintain advanced job-task
qualifications (fire weather, fire management tactics, exten-
sive wildfire experience). Commensurate with being given
heightened responsibilities as compared to Type II crews,
they also maintain a higher commitment to physical fitness
standards. An IHC crew most often consists of 20 to 22
individuals and includes both females and males. Opera-
tionally, these crews are further subdivided into smaller
modules/squads to perform the crew’s wildfire management
assignment most effectively. Squad members specialize in
line construction or chain saw operation.

The combination of Type II and Type I IHC crews make
up the majority of the workforce sent to high-priority inci-
dents to physically combat a fire outbreak. Each crew moves
between and within a fire location as a single unit. They travel
in crew trucks of various sizes; such as dual cab 4× 4 trucks
and larger specialized crew carrier vehicles that can carry up
to 8 to 10 crew members.

Hand crews rely on a few commonplace hand-held ground
tools to control and suppress a fire. The most common hand
tool is referred to as a Pulaski and contains a dual head
including an axe blade to cut through small wood, branches,
and roots and a flat adze (with a cutting-edge perpendicular to
the handle) designed for scraping and shallow digging essen-
tial for hand crew fireline construction. Separately, trained
teams of sawyers operate large chainsaws and take down
trees, larger debris, and foliage that obstructs the fireline.
Chainsaws’ weights (∼7–10.5 kg loaded with fuel and oil)
and bulk (∼70 cm bar length) require significant workloads to
transport and operate using semi-static maneuvers. Sawyers
carry the chainsaw, extra bar chains, oil, fuel, and other gear
for their near-obsessive, maintenance of the saw. Sawyers also
wear heavy Kevlar chaps to protect their legs from saw and
debris hazards. Chaps are worn in addition to the standard per-
sonal protective equipment ensembles (high, mid-calf leather
boots, Nomex pants, long-sleeve Nomex shirts, gloves, and
hardhats). These details prove important to thermoregulation
and daily energy expenditures, as crew clothing can weigh
over 4.5 kg collectively, and hand tools (3.6 kg).

Collectively the teams of line diggers, sawyers, and
swampers (tasked to remove foliage that accumulates on
the constructed fireline once cut or dug up) work together
in a unified effort to extend the construction of fireline
along the designated perimeter of the wildfire. Their crew
will operate in conjunction with other “like” crews, termed
divisions, whom are likewise situationally positioned around
the wildfire perimeter. The individual crew bosses maintain
constant communication with their crews, with the other
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crews in their division, and the Incident Command Post.
Designated crew members (crew or squad boss) also main-
tain communication to call in air support from specialized
aircraft that deploy fire retardants and helicopters that can
strategically drop large amounts of water onto hot spots or
other designated locations (bucket drops).

Other specialized crews possess differing advanced skills
and job-specific training. Helitack crews operate helicopters
and shuttle WLFF teams to and from remote wildland fires.
Their skill set provides rapid transport and a quick response
capability to manage or assess wildfire outbreaks. Helicopter
rappel crews rope rappel up to 75 m from the hovering
helicopter to initiate suppression tactics in more isolated
locations. Other air support-oriented crews include smoke-
jumpers who are assembled near regional or local airports.
Smokejumpers are dispatched to remote fire locations that are
not commonly accessible by road. They are transported via
aircraft (Short C-23 Sherpa) designed for parachute deploy-
ment and jump at moderate altitudes (1000 m). Smokejumpers
use a static line parachute deployment system that results in
an automatic opening upon exit from the aircraft. Once on
the ground, smokejumpers assess the wildfire situation and
develop a direct attack strategy. They are typically supplied to
be self-sufficient for approximately 48 h of fire management.

A fire assignment is defined as the number of days between
the first full operational period at an incident and the last
day worked before returning to their home station or base.
The standard assignment length for US crews is 14 days
(extended assignments are possible), not including travel
days to and from the incident location. Two days off are
required following a 14-day assignment and return travel.
While work shift length varies, incident management and
crew bosses attempt to not exceed a 2:1 work shift to rest
ratio to mitigate against fatigue and protect safety (i.e., 16-h
work day: 8-h recovery at night). When shifts exceed 16 h of
work, the corresponding ratio of rest must be accounted for
in subsequent work shifts (4).

The season duration differs depending on job classifica-
tion and crew type. Some crews see their employment status
grow from 6 to 12 months, with job duties that include wild-
fire work and offseason fire management activities. Among
IHCs, 1000 h of individual overtime is not uncommon during
active summer fire seasons in the American West.

Prehire Standards
All individuals seeking employment on a USFS hand crew
must pass an aerobic performance test before they can be
hired. The criterion performance task in use today is the USFS
work capacity test (arduous pack test), an endurance walking
test executed with a carried load. The performance standard
is completion of 4.8 km (3 miles) over flat terrain in under
45 min while wearing a 20.4 kg (45 lb) pack or weighted
vest. The pace required to achieve the standard elicits oxygen
uptakes of 21.7 and 22.8 mL/kg/min for males and females,

respectively (92), and closely aligns to the aerobic demands
observed during simulated fireline experiments (114, 115).
These average values for Vo2 are also nearly identical to
estimated values during average ingress-loaded hiking on
wildfire assignments (120); giving the arduous pack test
construct validity.

The evolution of the USFS prehire physical performance
standard began in 1965 when it was determined that WLFF
have an average oxygen uptake of 22.5 mL/kg/min when
performing their fireline tasks (established from expired gas
collections during simulated fireline construction). The ratio-
nale is based on the expectation that WLFFs can sustain occu-
pational workloads of approximately 50% of their maximal
aerobic capacity during extended operations. Therefore,
based on the average energy cost of WLFF fireline activities
(22.5 mL/kg/min), it was estimated that a WLFF would need
to possess a maximal oxygen consumption of 45 mL/kg/min
to successfully perform their work assignments for the
duration of the fire season. Given this application of “form
follows function,” it is perhaps not surprising that a minimum
threshold for aerobic capacity is still recognized by the USFS.

Initially, a step test or the 2424 m (1.5 mile) run was utilized
as the criterion measure to rapidly estimate aerobic capacity
of WLFFs (91). The step test required individuals to step on
and off a 50.8 cm (20 inch) platform in a cycle of 2 s for 5 min.
Both tests were abandoned in the late 1990s due to concerns
that the tasks were not sufficiently job-related and that they
did not adequately address components of muscular strength
and endurance. This led to the development and adoption of
the Arduous Pack Test, which remains in use today.

Smokejumpers have adopted more rigorous physical per-
formance standards than the land-based hand crews. Their
performance standards are maintained regardless of sex and
are highlighted in Table 1, and compared to the scores other
groups have currently or recently had for these same tests.
The need for these additional performance tests is deemed
necessary to ensure the individual has the necessary strength
and stamina to perform the smokejumper’s job-specific tasks
and to operate unsupported for multiple days. Other hand
crews do not have additional physical prehire standards
outside of the arduous pack test.

The Physical Demands of Working on the
Fireline
Hand crews begin their workday with equipment prep,
safety/shift briefings, and breakfast. Ambient temperatures
during this portion of the day are cool to moderate. After-
ward, the hand crews will typically drive to an accessible
drop-off location near their assigned shift location and pro-
ceed the remaining distance on foot. Crew members carry
all their required supplies, equipment, and gear for their
work shift tasks. While the total distance traveled on foot
varies considerably from day to day and fire to fire, in our
observational studies, the ingress hike has been 20 to 60 min
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Table 1 Comparing Minimum Standards for Smokejumper and Military Physical Fitness Tests

Test Smokejumpers Army APFT Navy Marines Airforce

Pushups (repetitions) 25 Men: 42
Women: 19
(2-min test)

Men: 42
Women: 19
(2-min test)

Men: 42
Women: 19
(2-min test)

Men: 33
Women: 18
(1-min test)

Pullups (repetitions) 7 Men: 4
Women: 1

Sit up/crunches
(repetitions)

45 Men: 53
Women: 53
(2-min test)

Men: 50
Women: 50
(2-min test)

Men: 70
Women: 50
(2-min test)

Men: 42
Women: 38
(1-min test)

Run pace (min:sec) 4:35 min/km
(2.4 km)

Men: 4:58 min/km
Women: 5:54 min/km
(3.2 km)

Men: 5:18 min/km
Women: 6:15 min/km
(2.4 km)

Men: 5:45 min/km
Women: 6:25 min/km
(4.8 km)

Men: 5:40 min/km
Women: 6:49 min/km
(2.4 km)

Values reported are for the minimal age group for each military branch. (Army=17–21 years old; Navy=17–19 years old; Marines=17–20 years
old; Air Force=≤30 years old.) Smokejumpers do not have any differences in tests based on age or gender. Slight variations in test component
techniques exist between each resource type.
For comparison purposes, fitness tests from the year 2018 are reported because of recent revisions to several military fitness tests.

in duration at an average speed of 3.4 km/h over terrain with
an average grade of 4%. This ingress hike occurs during the
early part of the day/work shift (usually between 07:30 and
11:00) when ambient temperatures are still lower, although
air temperatures are rising and relative humidity has not yet
decreased to respective afternoon values (120). In prior obser-
vational experiments, the average ambient temperature and
humidity have been 21.9± 6.2 ∘C and 41± 15%, respectively
(120, 121) but have fluctuated greatly across repeated days
and incident locations.

While at the worksite, IHC crews work to create a fire
containment line. This entails cutting and clearing trees,
raking brush, and digging a continuous trench free of organic
matter with the Pulaski tool. They work in tandem with
aviation resources to create breaks between what will be
burned and the land that they want to remain unburned. The
energy demands of the specific tasks vary. Through a series
of laboratory and simulated field experiments conducted by
research teams in the United States and Australia, there is
now consensus that the average energy cost for walking is
approximately 6.6 kcal/min, chainsaw use is 5.0 kcal/min,
with normal and urgent raking having average energy costs
of 9.4 and 14.4 kcal/min, respectively (14).

Direct observation has proven useful for characterizing the
WLFFs behaviors during their shift work and over the entirety
of their day. In one study, activities characterized as light
activity tasks accounted for 9% of the IHC crew member’s
time during their work shift, with moderate-intensity tasks
accounting for 19% and high-intensity tasks for 28% of their
total effort (132). The number of daily physical tasks WLFFs
performed varied widely, with participants self-reporting 1
to 40 tasks per work shift. The average time on a specific
task was 47 min. Tasks stratified in the light-intensity activity
category include monitoring an existing fireline and work-
ing around a water pump or other mechanical equipment.

Moderate-intensity activity tasks include activities such as
managing smoldering debris with hand tools (“mop-up”),
tree felling, and various light-digging activities and move-
ment within or between assigned work areas on the fire.
High-intensity activity tasks included hiking, digging han-
dline (digging away organic materials and debris to reveal
a continuous strip of bare mineral soil), and other related
activities such as removing combustible fuels from a buffer
zone around the assigned work area. Hiking consumed 19%
of the total time they were engaged in high-intensity tasks.
Moreover, nearly 20% of all IHC ingress hikes lasted longer
than 30 min (120). The data also revealed that the time spent
performing a specific task was longest when performing
light-intensity tasks and shortest when performing tasks that
aligned to the high-intensity activity category.

Demographics of Type I and Type II Crews
Demographic examination of IHC and Type II crews indi-
cated that they are approximately the same age (27± 6 years)
and height (177± 10 cm), but the Type II crews possessed
a higher body mass (Type II: 85.6± 14.0 kg vs. IHC:
81.6± 11.0 kg) and carry lighter equipment weight (Type II:
17.7± 3.2 kg vs. IHC: 20.0± 3.2 kg), suggesting some work
capacity differences may exist between the crew types (120).
Although there are differences between males and females
for both height (males: 179± 9 cm vs. females: 167± 9 cm),
mass (males: 86.0± 11.8 kg vs. females: 68.6± 8.4 kg), and
body mass index (BMI) (male BMI: 27.0± 3.8 vs. female
BMI: 24.8± 3.5), the two sexes carry the same equipment
weight during the work shift (males: 18.7± 3.7 vs. females:
18.2± 3.6 kg). Accordingly, when equipment weight is
expressed as a percentage of body mass, females are carrying
a significantly higher overall load (males: 22% vs. females:
27%) relative to total body mass (120).
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Figure 1 Expected metabolic load variability during wildfire management (simulated and
live activities) and training/conditioning. Data collection during simulated fireline observation
via indirect calorimetry (14). GPS derived estimated metabolic load during live fireline assign-
ments and training (120). Measures of Tvent prior to and following the season (47). Simulated
escape from Ruby et al. (107).

There are relatively few peer-reviewed research papers
characterizing the physical capabilities of WLFF. The
available data indicate that their peak aerobic capacity
values [50.8± 7.1 (47), 53.2± 5.2 mL/kg/min (71)] are above
population norms, and remain mostly stable over the fire
season. Their preseason ventilatory threshold (Tvent) values
(37.5± 7.0 mL/kg/min) are similar to their preseason training
hike intensities (38± 12 mL/kg/min) and indicate the extent
of preparation type I crews typically employ before the start
of the fire season (47). Figure 1 depicts the measured and
estimated oxygen consumption of WLFF-oriented fitness
and job-oriented tasks relative to the required criterion work
capacity test (arduous pack test).

The average strength characteristics of WLFFs have
remained a relatively understudied topic. A recent foun-
dational study did, however, examine the muscle strength
characteristics of a combined group of active-duty urban
firefighters and WLFFs (76 males, 4 females) (58). While
the mean age of each subgroup from this study was older
(35± 8 years) than other WLFF studies referenced herein
(109, 120), these data demonstrated that the majority of
participants achieved a score of “excellent” or “good” on
the YMCA bench press test (44± 17 repetitions, males
36 kg, females 16 kg barbell, metronome at 60 beats/min).
Similarly, most participants were categorized as above-
average in the combined handgrip strength (49± 10.8 kg)
and Margaria-Kalamen stair climb test (72) for lower body
power output (1239± 327 W). It is important to note, how-
ever, that individuals in this mixed group of firefighters

displayed lower peak aerobic fitness values (n = 80; cycle
ergometer= 38.4± 6.8 mL/kg/min) than have been observed
by others (47, 71). While between-study discrepancies in
peak aerobic fitness are not known, there is a rationale to
suspect that differences simply reflect variability inherent
to the testing modalities used between the two experiments.
Nonetheless, it also remains possible that differences could
represent some heterogeneity within the WLFF workforce,
that is, district, rural, type II, and IHC cohorts.

Off-season training is necessary to meet the physical
demands of the occupation. This requirement was illustrated
by a cohort of Canadian WLFFs who exhibited below-
average outcomes for the pushup (27± 9 repetitions) and
the combined grip strength (78.5± 21.0 kg) portions of
the Canadian WLFF fitness test (48). Yet, after this same
cohort completed a 6 week training intervention to obtain
a satisfactory score on the Canadian work capacity test
(WFX-FIT test), the group achieved comparable peak aer-
obic fitness (n = 71; age= 20.9± 3.7 years; graded exercise
treadmill test= 47.7± 7.2 mL/kg/min) scores as to those
documented in the Gaskill et al. study (47).

Physiological Responses During Wildland
Fire Management
The introduction of portable wearable sensor systems has
enabled relatively detailed characterization of WLFF work
shift behavior. In some of our early evaluations, where
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measurements were captured over 3 days of an actual wild-
land fire assignment (N = 15, 3F, 12M, 45 total work days),
it was observed that WLFFs spent 37± 19% of a respec-
tive work shift with a heart rate less than 100 bpm (40).
When these data were stratified for intensity by heart rate,
the relationship between heart rate and work duration was
inversely related (i.e., 100–120 bpm= 25± 12% of shift;
120–140= 20± 8%; 140–160= 12± 8%; 160–180= 4± 5%;
≥180 bpm= 1± 2%). Collectively, these data are interpreted
to mean that WLFFs spend a relatively small percentage
of their work shift engaged in high-intensity tasks and that
objective physiological measures differ from direct obser-
vation and classification of job tasks previously used (132).
These data also suggest that while work rates vary within the
operational setting, WLFF self-regulate the intensity of their
physical effort to adjust for the long duration of the work
shifts.

Granular analyses of WLFF work patterns collected using
wearable technology indicate that, in many instances, work
profiles on the fireline vary as a function of the fire behavior
and crew type. For instance, recent investigations indicate
that Type I crews exhibited heart rates above 135 bpm for
20% to 75% of their shift, while Type II crews exhibited heart
rates above this threshold for only 25% to 40% of their work
shift. The specific tasks eliciting these sustained elevations
in heart rate are common to both IHC and Type II crews and
include ingress hikes, general shift work, egress, and within-
shift team movements (120). It is important to note that these
data were collected on a large, diverse sample (N = 221, 28F,
193M, 167 observational days across 50 wildfire incidents),
giving weight to these collective observations as being more
than anecdotal. From a physiologic perspective these novel
insights derived from wearable monitors, in combination with
well-established findings from prior research (100), suggest
that a heart rate of 135 bpm approximates the ventilatory
threshold of the average WLFF.

In addition to wearable devices, experimental grade ther-
mistors, including ingestible temperature capsules, have
been essential for understanding the physiologic stressors
experienced while on duty. Studies employing ingestible tem-
perature capsules reveal that WLFFs core temperatures (Tc)
rise during shift work with the magnitude of hyperthermia
commensurate with the energy cost of the shift work. The
mean rise in Tc during sustained (i.e., 47 min) light, moderate,
and high-intensity activity WLFF tasks approximated 0.07,
0.18, and 0.38 ∘C, respectively (132). Importantly, observa-
tions from separate investigations suggest that the ambient
temperature was only a modest contributor to the magnitude
of Tc observed, emphasizing the influence of metabolic work
on heat accumulation (24, 121). The limited effect of ambient
conditions on Tc could be due to the effect of low humidity
(and correspondingly low vapor pressure) on the promotion of
heat loss through evaporative sweating. Moreover, it is highly
plausible that WLFFs also self-adjusted their work pace in
the hottest conditions, thereby masking ambient temperature-
dependent effects on Tc, a trait previously suggested (15).

Total Energy Demands of the WLFF
While global positioning system (GPS) tracking and work
activity logs provide rough estimates of WLFF energy expen-
ditures, the scientific assumptions inherent in the approach
mean that the resulting data are approximations of the actual
energy requirements. To overcome this knowledge between
estimated and gold standard measures of energy expendi-
ture, the first author engaged in a series of experiments in
which the elimination of stable isotopes of hydrogen and
oxygen (i.e., the doubly labeled water technique) was studied
while WLFFs engaged in fire suppression across multiple
assignments. The result of these efforts is a more complete
characterization of the TDEE of WLFFs and the magnitude
of variation between WLFFs and across fires (geographic
location and terrain).

The TDEE is the sum of basal [basal metabolic rate (BMR)]
or resting energy expenditure, the added energy expenditure
associated with digestion of consumed foods and nutrients
(dietary induced thermogenesis, DIT), and the energy cost of
physical activity—often referred to as the energy expenditure
of activity (EEA). In a well-controlled laboratory environ-
ment, these components are measured or approximated via
prediction equations depending on the need for accuracy
within the study design (50). In free-living conditions, how-
ever, less intrusive methods are essential to avoid interference
with activity and natural workflow.

The doubly labeled water (DLW) method is a stable iso-
tope technique that represents the gold standard approach to
measuring TDEE in free-living humans (113). The DLW pro-
vides an unbiased derivation of overall energy metabolism
without impeding an individual’s activity or work schedule.
Moreover, the DLW technique does not require cumbersome
equipment and body-worn measurement devices (i.e., wear-
able biometrics or the collection of expired air samples).

Applications of the DLW method were initially used
to characterize the variance in TDEE across different fire
settings and geographic locations (40, 109). The participants
in these early studies were members of two IHC crews
and the variance in individual TDEE was captured as crew
members worked on six fire assignments in six U.S. states
(MT, CA, FL, WA, ID, CO). Importantly, the dosing and
sample collection strategies were adjusted to accommodate
researcher anticipation that WLFFs would exhibit high water
turnover and to accommodate variability in participant shift
schedules. Based on the early success with DLW in WLFFs,
we subsequently used this technique to measure TDEE
and water turnover in individuals engaged in unique ultra-
endurance activities (38, 104, 106), remote expeditionary
hunting in Alaska (27, 28), and military-oriented training
exercises (36).

Briefly, the derivation of TDEE with DLW is determined
by measuring the differential isotopic elimination of 18O and
2H (initially delivered orally in a water solution of H2

18O
and 2H2O proportionate to estimated total body water) over
multiple days. The basis of the isotopic technique enables the
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calculation of total body water, water turnover/flux (water in
and water out), metabolic CO2 production, and the average
TDEE, MJ/24 h, kcal/24 h) over the sampling period (113).
Although the DLW method does not have the resolution to
obtain individual hourly or daily variations in energy expen-
diture, the data collected across the experimental period
permit accurate approximation of the total water and energy
requirements. In addition to the work mentioned previously,
DLW has been used to quantify TDEE in a range of unique
field settings including cycling (Tour de France) (135), high-
volume swim training (124), military training operations (41,
59), mountaineering (Everest) (133), and spaceflight (64).

As stated previously, the initial experiments using DLW
with WLFF crews took place on live-fire assignments and
followed a selected group of IHC WLFFs as they engaged
in a variety of wildfire assignments in multiple geographic
regions (MT, CA, FL, WA, ID, and CO). Our initial goal was
to quantify daily TDEE and the heterogeneity expected when
working in areas with different terrain features, environmen-
tal temperatures, and assignment duties (109). Both females
(n = 9) and males (n = 8) were recruited from local Montana
IHCs. Despite differences in absolute TDEE (MJ/24 h) across
the sexes, when expressed relative to overall body mass
and estimated basal metabolic rate (xBMR), there were no
differences between the male and female WLFFs (Table 2).
Calculated TDEE ranged from 11.4 to 26.2 MJ/24 h; 2719
to 6260 calories/24 (1.8–3.6 xBMR). These values represent
the average TDEE calculated from a 5 to 7 day measure-
ment period during active wildland fire management work
(un-simulated, nonprescribed burns).

We more recently used DLW to measure TDEE in a
15-year follow-up study conducted on IHCs (N = 15; n = 12
males, n = 3 females) battling a single wildfire in the Rocky
Mountain region of Colorado (40) over three operational days
on assignment. Implementing the identical isotopic approach
and methodology mentioned above, TDEE ranged from
12.3 to 25.5 MJ/24 h; 2946 to 6083 calories/24 h (1.7–3.5
xBMR). TDEE was similar between sexes when expressed
relative to body mass. Similar to our original study, body

mass remained stable across the 72-h measurement period
(77.3± 8.3 and 77.0± 8.9 kg pre and post, respectively) pro-
viding evidence that energy and water intake were sufficient
to preserve body mass over the observation period. Table 2
provides a breakout of TDEE and EAA for females and
males that participated in our initial study and this follow-up
study. These two studies capture a total of 130 operational
person-days of actual wildfire assignments and were gathered
on N = 17 and N = 15 subjects, respectively (12F, 20M).

Other methods to estimate TDEE provide supportive evi-
dence that the sample population in our DLW experiments
are a representative cohort of WLFFs. In a follow on study
to our DLW-based experiments, Heil (51) estimated the
TDEE of WLFFs (N = 10) engaged in a 21-day deployment
cycle using body-worn accelerometers. The estimated TDEE
(kcal/24 h) was calculated from time spent sleeping and
resting coupled with accelerometer output (counts/minute)
across the range of light to vigorous activity. The author
reported average TDEE values that were approximately
13% higher (19.7 MJ/24 h, 4716± 435 kcal/24 h) than in our
DLW experiments. Yet, the corresponding values for EEA
(10.1± 1.6 MJ/24 h, 2422± 375 kcal/24 h) were comparable
to our two DLW studies (40, 109) (Table 2). We interpret
the latter comparison to indicate that wearable biometrics
can provide reasonable estimates of WLFF energy expen-
diture. When applied correctly, wearable biometrics may
provide reasonable guidance so that nutrient requirements
and recovery strategies can be adjusted appropriately.

Energy Intake and Tactical Nutrition
One of the primary obstacles to supporting WLFF nutritional
needs is getting food to the field kitchen. Base camps possess
the necessary infrastructure to support the incident and are
established in reasonably close approximation to the wildfire
incident. Being proximal to the fire often means that the
incident command postcamp itself is remote and depen-
dent on continual re-supply as food and other consumable

Table 2 Total Daily Energy Expenditure (TDEE), Energy Expenditure of Physical Activity (EEA), and Changes in Body Mass (BM) During 3 to
5 Days of Wildland Fire Management Activities

Sex TDEE MJ/24 h, kcal/24 h EEA MJ/24 h, kcal/24 h TDEE (xBMR) EEA (xBMR) BMpre, kg BMpost, kg

F (n =12) 14.7±2.6 (3514±631) 7.2±2.3 (1726±554) 2.5±0.4 1.2±0.4 65.6±7.1 65.4±6.8

Range 11.4 to 20.6 (2719–4920) 3.9 to 12.3 (936–2946) 1.8 to 3.3 0.6 to 1.6

M (n =20) 20.3±3.2a (4853±764)a 10.8±2.9a (2589±695)a 2.7±0.5 1.5±0.4 77.8±7.0a 77.5±7.7a

Range 17.2 to 26.2 (2946–6260) 3.8 to 16.4 (896–3904) 1.7 to 3.6 1.0 to 2.2

Abbreviations: TDEE, total daily energy expenditure; EEA, energy expenditure of physical activity; BMR, basal metabolic rate; BM, nude body mass.
Data are expressed as mean±SD.
ap <0.05 versus females. The average estimated EEA equates to carrying a 20.4 kg pack (45 lb) at a speed of 6.4 km/h (15 min/mile) for
approximately 4.5 h (range=1.7–7.5 h).
Values are compiled and combined from references Ruby et al. (109) and Cuddy et al. (40).
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items are depleted from the local inventory. The kitchens,
themselves, consume raw food materials quickly. On a typical
day, fire camp kitchens prepare two catered cafeteria-style
meals (preshift breakfast and postshift dinner) and packaged
lunches or shift provisions to sustain WLFFs during the
work shift. Fire camp kitchens support both the ancillary
base camp management members as well as the WLFFs
directly. Depending on the size of the camp, a kitchen may
be supporting hundreds to more than 1000 personnel daily.

A separate logistical obstacle is getting food to the WLFF.
In certain fire situations, specific crews, to include smoke-
jumpers and IHCs, are often not able to return to the base camp
for food. Alternative strategies are often employed to supply
fresh meals to crews that remain in locations that are remote
to base camp. Hot meals, in some situations, are transported in
warmer buckets and dropped off at prearranged coordinates.
In other situations, alternative meal platforms, to include
military rations, such as the meals, ready to eat (MREs) are
used to sustain the WLFF. Air drop is a separate method to
send food to their location. In some situations, food delivery
is so challenging that individual crew units are required to
subsist on their own stocked supplies and prepare them via
campfire or camp stove individually or as crew/family-style
meals. The USFS has become increasingly dependent on the
MRE military rations during these situations.

To study the adequacy of the food support for meeting
the WLFF energy needs, our research group and others have
journaled the WLFF eating behaviors. These preliminary
investigations of WLFF dietary practices were predicated
on existing literature, indicating that humans can sustain
a TDEE between 2.5- and 4.0-fold above BMR without
compromising body energy stores (30, 123). Stability in
the relationship between TDEE and the preservation of
body energy stores is contingent upon the stipulation that
sufficient foods are available to the research participants
and that the meals are consumed to meet this added energy
requirement. In our initial DLW study, we quantified work
shift total energy intake (TEI) from individual food diaries
and kitchen recipes. Across the days examined, TEI aver-
aged 15.2± 3.5 MJ/24 h (3632± 837 calories/24 h) (109),
which was less than the average TDEE (17.5± 4.4 MJ/24 h,
4183± 1052 calories/24 h) and amounted to an estimated
deficit of approximately Δ2.3 MJ/24 h (Δ550 calories/24 h).
Body mass was stable over the 5 to 7 day experimental
sampling period (69.6± 8.6 and 69.4± 8.5 kg pre and post,
respectively). In the follow-up study (40) body mass also
remained stable over the 72-h observation period (77.3± 8.3
and 77.0± 8.9 kg pre and post, respectively). The stability
of body mass over multiple investigations suggests that
energy intake was sufficient to meet WLFF energy require-
ments and our estimates of TEI were likely to have been
confounded by modest under reporting, a practice that is
commonly observed with dietary recall and self-report food
record inventories (46).

Extending upon this observation, we also found no appar-
ent relationship between the maintenance of body mass and

TDEE in the DLW data sets. While there were anecdotal
examples of both positive and negative energy balance in
the dataset, individual variance existed in both the lower and
upper ranges of TDEE. This observation persisted whether
the data were expressed in either absolute (MJ/24 h) or
relative (xBMR) units of measure. When the data from all
study participants (N = 32) were examined for measures of
central tendency, the fold increase in EAA above BMR was
nearly identical for the mean (+2.6), median (+2.6), and
mode (+2.8). We interpret these findings in combination with
the evidence of weight stability to indicate that the feeding
practices employed by the kitchen crews provided a sufficient
quantity of food for WLFF to meet their energy needs (total
MJ or kcal) and there was ample time to consume dietary
provisions.

Food diaries from these studies also reveal that the WLFF
were eating a mixed macronutrient diet. When expressed as
a percentage of the total intake, males consumed less CHO
and more protein (PRO) and fat (CHO= 47± 6, Fat= 36± 4,
and PRO= 16± 3%) compared to females (CHO= 59± 8,
Fat= 28± 8, and PRO= 13± 2%). Daily CHO consumption
averaged 6.5± 1.7 and 7.3± 2.0 g/kg BW/24 h for males and
females, respectively. These values for daily CHO consump-
tion are slightly lower than commonly recommended for
endurance athletes (∼10 g/kg BW/24 h) (16), but are similar
to CHO intake of other populations’ comparable levels of
TDEE (41, 59, 124). In our initial DLW-based study (109)
with WLFF crews on assignment, the nutrient intake records
demonstrated an average daily protein intake of 2.2± 0.6 and
1.7± 0.5 g/kg BW/day for the men and women, respectively.

In a subsequent larger study (N = 86), WLFF TEI patterns
were again quantified but this time using research assistants
embedded within each WLFF crew cohort to tabulate nutrient
intake more accurately and in greater detail (73). Each WLFFs
work shift provision was preinventoried and loaded onto data
collection tablets to catalog intake characteristics (intake
timing and amount) throughout the single day. Although data
was only collected throughout one continuous shift, these
data provide a more detailed picture of self-selected eating
patterns during live-fire operations. Results indicated that
self-selected total daily energy intake averaged 15.4 MJ/day
(3684 kcal/day). Total CHO and protein intake averaged
5.3 and 1.8 g/kg BW/24 h, respectively. These findings were
extended by a subsequent study that included an expanded
cohort of WLFFs (N = 122, 20F, 102M), and the same
data logging methods were again used to examine eating
behavior over a single day (12). Similar to the prior inves-
tigation, TEI averaged 16.3 MJ/day (3889 kcal/day). Total
CHO intake averaged 5 and 7.2 g/kg BW/24 h, for males
and females, respectively. Total protein intake averaged 2
and 1.9 g/kg BW/24 h, for males and females, respectively.
However, due to crew travel logistics, participants were
unavailable at the conclusion of the work shift, preventing
measures of pre versus post-body mass.

Given the importance of normalizing macronutrient intakes
to body mass, the aforementioned shadowing techniques were
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replicated during a different wildfire season in order the fully
quantify the TEI patterns in WLFFs. The follow-up study
included a sample of WLFF (N = 71, 10F, 61M) during a
single live firework shift (13.7± 1.3 h) (102). WLFF TEI
averaged 16.7 MJ/day (3991 kcal/day). Total CHO and
protein intake averaged 6.6 and 1.8 g/kg BW/24 h, respec-
tively. During this data collection effort, measures of nude
body mass were quantified in both pre and postwork shifts
(79.6± 13.1 vs. 79.3± 12.8 kg) demonstrating a minimal
change in body mass (−0.3± 1.1%).

Taken together, these data suggest that WLFF have suffi-
cient food available to replenish body energy stores depleted
during a typical work shift. Data from these iterative inves-
tigations indicate that WLFFs make self-selecting dietary
choices when provided with stocked fire camp kitchen
options. However, these observations should not be inter-
preted to conclude that their diet and eating patterns are
optimal for fueling work shift performance.

There are documented instances where daily carbohydrate
and protein intakes have not met dietary recommendations,
such as when subsisting on prepackaged military rations (77).
Take, for example, a previous study that quantified the energy
and macronutrient intake of WLFFs while they subsisted
on either a single first strike ration (FSR) or two MRE over
2 days of live-fire assignment work (77). A priori, it was
anticipated that the energy in these rations would not meet
the WLFF’s energy requirement (13.2 and 11.9 MJ/day for
FSR and MRE, respectively). The impetus of the study was to
determine whether the more eat-on-the-go capabilities of the
FSR would increase ad libitum food intake when compared
to the more meal-oriented MRE. Results indicated that the
WLFF’s indeed lost body mass (between −0.9 and −1.6 kg).
In addition, their self-selected total CHO intake was 4.8
and 3.7 g/kg BW/24 h for FSR and MRE, respectively (77),
a finding that was considerably less than the CHO intakes
observed in prior samples of WLFFs that subsisted on field
kitchen prepared meals. The average daily protein intake
of 1.3 and 0.9 g/kg BW/24 h for FSR and MRE was also
lower than what had been observed when subsisting on field
kitchen meals. These findings indicate that while military
rations may play an essential role in WLFF refeeding when
field kitchens are unavailable, the lack of available energy
and carbohydrate could become problematic if sustained for
lengthy time periods on the operational fireline.

To address whether acutely limited CHO intake associated
with MREs can become problematic for preserving muscle
glycogen, muscle biopsy samples were collected from the
quadriceps (vastus lateralis) in WLFFs before and after a
live-fire work shift (39). Importantly, MRE provisions similar
to Montain et al. (77) had been the WLFFs only source of
subsistence for 1 to 2 complete work shifts prior to initiating
the study. A striking finding from this investigation was that in
more than half of the participants, the preshift glycogen levels
were less than 80 mmol/kg tissue wet weight. We interpret
this finding to indicate that the available CHO in this ration
platform is not sufficient to restore muscle glycogen over

several days of WLFF shiftwork. Moreover, the low initial
muscle glycogen levels were coincident with lower-than-
expected work shift activity counts, and more specifically
activity counts commensurate with high-intensity work. This
observation is important when compared to other cohorts
with adequate total energy and CHO intakes needed to sustain
energy and CHO balance on a daily basis. The persistence
of suboptimal nutrition promotes a drop in preshift muscle
glycogen levels, a finding that holds important implications
for on-the-line work performances which may compromise
WLFF safety.

Opportunities for Tactical Nutrition
Given the volume of research conducted in athletic popula-
tions, many of the original nutritional recommendations for
WLFFs were borne from sport applications. In this regard, a
consistent recommendation within the endurance sport com-
munity is for periodic ingestion of CHO sources when ath-
letes are engaged in prolonged sustained activity to improve
work output and delay fatigue (31, 61). The consumption of
higher percentage of CHO diets is preferred for endurance
athletes that wish to optimize training and competition perfor-
mance (10, 79). Thus, is it not surprising that similar dietary
practices have been recommended for occupational athletes
performing time-intensive and physically demanding work.

A consistent observation in the first author’s early obser-
vational work was that WLFFs ate discrete meals separated
by relatively long time periods of between-meal fasting. The
two largest meals in terms of caloric intake were breakfast and
supper, and these feedings were often separated by 12 or more
hours depending on shift length. Moreover, the sack lunch
provisions did not contain items that were easy to snack on
during the work shift. These observations led to questioning
whether this pattern of eating was ideal for sustaining WLFF
work shift productivity and whether the National catering con-
tract should be systematically re-evaluated.

Cuddy et al. (34) evaluated whether provision of frequent
supplemental snack (high CHO and mixed macronutrient
sources) feedings within a work shift would positively impact
blood glucose and self-selected work intensities. Crews
were provided a combination of liquid or liquid+ solid
high CHO options with the instructions to consume these
supplemental products on an hourly basis. Subjects were
provided supplemental food/drink materials at the onset of
the work shift and directed to consume them on a regimented
and timed schedule. Frequent radio communications between
the research team and the crew members ensured dietary
compliance throughout the shift. Consuming the CHO snack
items at prescribed intervals during the work shift resulted
in higher blood glucose values during the final 2-h of the
shift compared to consuming the flavored, but CHO-free,
placebo items (∼6.5 vs. 5.0 mM). Despite neither group
developing hypoglycemia, those consuming the CHO feed-
ings, performed 20%, or 2.4 equivalent hours, more work,
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as measured by actigraphy, during a 12-h work shift as
compared to placebo diet. During the placebo diet, WLFFs
completed 47% less work in the last 2 h of the work shift
compared to the CHO-supplemented work shift. The provi-
sion of the CHO snacks was not necessary either, as it was
also determined that when WLFFs were encouraged to spread
their lunch provisions throughout the work shift (at ∼90-min
intervals, enabling eight eating episodes on the fireline), work
intensity remained stable. These consistent performances in
WLFF-consuming partitioned lunches appeared to parallel
the work outputs observed in the controlled feedings exper-
iments (frequent consumption of liquid and liquid+ solid
CHO). These data suggest that the provision of higher
CHO-containing food and drink options (25–40 g/h) and con-
suming them on the go while working, is a beneficial and
practical approach to optimize work shift performance and
may confer improved operational resilience and potentially
safety. From these experiments and subsequent experimental
studies (32, 45), there appears to be a wide variety of food
options that could be used to support muscle CHO needs
(commercially available sport-marketed liquids and food bars
in combination with regular food items). This empirically
driven conclusion is important in that it de-emphasizes the
need for an exclusive supplement-oriented product.

The advantages conferred by frequent snacking during
the work shift do not seem constrained to energy adequate
diets. In the earlier described study examining the efficacy
of the FSR versus the MRE during WLFF, actigraphy was
used to examine activity counts within the work shift. Mon-
tain et al. (77) completed a repeated-measures cross-over
design dietary intervention study whereby WLFFs subsisted
for 2 days on a prototype version of the FSR, and for 2 days
on MREs. Consistent with the hypothesis that snacking
confers performance benefits, the authors found that when
WLFFs subsisted on the FSR diet they not only had a larger
TEI than when subsisting in MREs (FSR= 22.0± 2.4 and
MRE= 18.4± 2.5 MJ/48 h, ∼2600 and 2200 calories/24 h
for FSR and MRE, respectively), they also accumulated
more time performing higher intensity work, and spent less
time engaged in lower intensity activities compared to when
subsisting on the MRE provisions. This outcome from FSR
consumption equated to the performance of approximately
24 additional minutes of high-intensity work and 30 fewer
minutes of near-sedentary activity (based on accelerome-
ter movement patterns). The results of this study provide
additional supportive evidence that dietary strategies which
facilitate more frequent eating during long hours of shiftwork
are advantageous for sustaining performance as compared to
the dietary constraints of discrete fasting periods separated
by traditional meals.

The mechanisms of supplemental CHO consumption as
a countermeasure to work fatigue appear to extend beyond
muscle fuel levels. For example, during a single day, 10-h
military simulation study that included a 19.3 km road march
and two 4.8 km runs, the effectiveness of regular CHO
feedings was evaluated (69). Subjects (N = 143) received

either placebo, 27 g, or 55 g of liquid CHO at six feeding
intervals over the 10-h study. Outcomes were evaluated by
a plurality of performance measures that included metrics
of reaction time, mental vigilance, and indices of cognitive
readiness. The authors reported that both reaction time and
mental vigilance were improved in the cohorts who received
either CHO dose strategy compared to those consuming
the placebo. The higher CHO feeding trial also improved
physical performance (4.8 km run times), decreased met-
rics of confusion, and was associated with higher ratings
of vigor (profile of moods states, POMS). These feeding
doses from non-WLFF occupational studies largely support
our observations in WLFFs (34). The potential benefits of
regular CHO consumption during shift work are far-reaching,
cost-effective, and can serve to better maintain physical and
cognitive performance of WLFFs on the fireline.

The Standard Firefighting Orders include 10 best practices
that are to be implemented during a response to wildland
fires (4). Originally, established in the late 1950s, The Stan-
dard Firefighting Orders have been reviewed and refined over
the subsequent decades. The provision of easily consumable
eat-on-the-go CHO sources and the advantages they confer to
WLFFs engaged in arduous labor directly align to three of the
ten standard orders (6—Be alert. Keep calm. Think clearly.
Act decisively; 8—Give clear instructions and ensure they are
understood; and 10—Fight fire aggressively, having provided
for safety first). Supplemental CHO enhances the ability to
work more aggressively by increasing self-selected work
rates (34) while also addressing cognitive metrics (reduced
confusion, improved vigor) and maintaining alertness (69).
During periods of more intense work, supplemental CHO may
serve as an effective fatigue countermeasure that improves
alertness and clarity of instruction while also enhancing
overall fireline safety.

Based on the body of published research that has inves-
tigated supplemental feeding and dietary requirements for
CHO, it is recommended that logistics personnel supporting
IHCs adopt provision of multiple snackable high CHO food
items in their lunch/takeaway meal kits (shift provisions)
so that WLFFs have ready access to CHO sources and the
ability to achieve (25–40 g/h of exogenous CHO) during their
work shift. Adopting this strategy will provide the nutrient
and energy to support segments of higher-intensity work,
especially late in the work shift (34).

Attention should also be directed toward replacing depleted
glycogen stores after higher-intensity work shifts by pro-
viding high CHO sources that are ancillary to the common
kitchen meals or MREs. In circumstances where WLFFs
finish a difficult work shift that has included repeat segments
(15–60 min each) of high-intensity hiking, digging, other line
construction or chain saw operation, periodic consumption
of higher CHO food and drink options may be warranted
to improve glycogen recovery prior to the next work shift.
General guidelines suggest approximately 0.5 to 0.6 g/kg BW
every 30 min (0.2–0.3 g/lb BW) (17). For an 80 kg WLFF,
this recommendation would translate to approximately 40 to
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Figure 2 Theoretical model that depicts the implications of shift operations, the energy expenditure of phys-
ical activity (EEA), and nutrient intake on expected glycogen depletion and recovery (dotted line). Anticipated
values of daily EEA are represented (800–3500 kcal/24 h) in red across the varied phases of an extended
assignment. The campfire graphic represents the intensity of the wildfire assignment. Postshift CHO access
is represented by lower levels of intake (<<) and higher levels of intake (>). The average expected energy
expenditure of activity (EEA) is represented as less than average EED (<) or higher than the average EEA on
assignments (>>>). The expected range of EEA values is derived from prior work (40, 109). The expected
range of muscle glycogen values is derived from prior samples on the fireline (39).

50 g of CHO at regular intervals during the later afternoon
and extending to the end of work shift, prior to dinner. While
this aggressive approach may not be necessary after all
work shifts, WLFFs should self-monitor subjective ratings
of muscle fatigue to consider the degree to which diligent
postshift CHO intake may be warranted.

Figure 2 depicts a theoretical example of work shift char-
acteristics including the impact of work intensity (estimated
EEA 800–3500 calories/24 h noted as vertical values in red
for each day of the extended assignment), dietary support
sources, total CHO intake, and access to CHO postshift.
Based on the collective data (estimates of EEA) from our
DLW studies (40, 109), supplemental feeding studies (34),
and military ration evaluations (77), we postulate that when
CHO access is low (MRE provisions only), even with lower
levels of daily EEA, muscle glycogen may be progressively
depleted over the first segment of an assignment. This
conclusion is due to the observation that muscle glycogen
restoration is incomplete between shifts, and importantly,
may occur during instances of relatively lower EEA. During
a theoretical second assignment in the above example, and
despite scenarios of the higher-than-average EEA and ele-
vated work intensity, the muscle glycogen lost during each
work shift is more effectively restored due to strategic CHO
intake (diligent intake during and postshift). On the 2 days
off, when the EEA is reduced, muscle glycogen is further
restored, and overall recovery is enhanced. We propose that
when coupled with higher CHO intake, this 48-h recovery
period results in improved glycogen levels thereby better
establishing muscle readiness for the next assignment.

Water Turnover and Fluid Intake
Daily water losses and the resulting turnover are dependent
on TDEE and the ambient temperatures in which the energy
is expended. As WLFFs perform long hours of physical labor
and often sweat during their labor, it can be expected that
they experience elevated daily water turnovers and water
requirements compared to the general population.

WLFF’s daily water turnover was first examined when this
paper’s first author deployed DLW to determine the TDEE
of WLFF during actual fire suppression (109). He and others
have subsequently used DLW (40) or a single, oral dose of
deuterated water to determine water turnover at subsequent
fires (40, 77, 108, 109). The results of these studies provide
valuable insight for water planning and the factors that drive
the measured water turnovers. Table 3 presents a synopsis of
the experimental design and findings for these study groups.

In the first experiment (109), water turnover was quan-
tified for WLFFs over a 5 to 7 day assignment in MT, CA,
FL, WA, and ID in parallel with measures of TDEE. Each
subject was studied at one of the five different locations
for a 5 to 7-day wildlfire assignment. Importantly, aver-
age nude body mass was unchanged (M= 74.6± 6.4 and
74.1± 7.2 and F= 65.2± 8.0 and 65.3± 7.6 kg pre- and
post-experimental period, respectively). Across all five fires,
the daily average water turnover was 7.0± 1.6 liter/24 h or
100± 20 mL/kg/24 h. This approach was repeated in our
follow-up DLW study conducted on a single wildfire in
CO, 15 years after the initial investigation (40). The mea-
surement period included three work shifts and nude body
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Table 3 Changes in Body Mass Measures and Rates of Water Turnover from Deuterium Oxide (2H2O) Dilution During Live Wildfire
Management

Study Wildfire suppression type Preworkshift
body mass, kg

Postworkshift
body mass, kg

Body mass
change, %

Water turnover,
L/day

Cuddy et al. (40) 3 consecutive days of 11 h of live
wildfire suppression in the Western
United States (n=15)

77.3±8.3 77.0±8.9 −0.5±1.5 9.5±1.7

Montain et al. (77) 4 days of 11 h of live wildfire
suppression during negative energy
balance in the Northwestern United
States (n=28, 10 dosed with doubly
labeled water)

Days 1 to 2:
70.0±8.1

Days 1 to 2:
69.3±8.1

Days 1 to 2:
−1.9±0.9

Days 1 to 2:
8.2±2.2

Days 3 to 4:
68.6±8.1

Days 3 to 4:
68.1±7.6

Days 3 to 4:
−1.7±1.3

Days 3 to 4:
6.2±2.0

Ruby et al. (109) 5 consecutive days of ≥12 h of live
wildfire suppression in the Northwestern
and Southeastern United States (n=17)

69.6±8.6 69.4±8.5 −0.2±1.6 7.0±1.7

Ruby et al. (108) 5 consecutive days of ≥12 h of live
wildfire suppression in the Western
United States (n=14)

71.9±10.4 70.9±10.2 −1.4 6.7±1.4

mass was preserved over the observation period (77.3± 8.3
and 77.0± 8.9 kg pre- and post-experimental period, respec-
tively). Water turnover averaged 9.5± 1.7 liter/24 h or
123± 18 mL/kg/24 h.

A priori it was anticipated that WLFF with their relatively
high TDEE coupled with working in protective clothing
in warm conditions would have elevated water losses. But
how do they compare to the general population and other
athletic groups? Table 4 presents a detailed breakout of the
WLFF data and like data drawn from the literature.

The data in Table 4 reveal that WLFF daily water
turnovers are indeed higher than in less active individu-
als but are generally less than have been observed in athletes
competing in ultra-endurance events. However, when the
daily losses are expressed relative to energy expenditure,
WLFFs have, on average, higher rates of water loss, and
turnover than ultra-endurance athletes (0.46± 0.13 liter/MJ
vs. 0.29–0.43 liter/MJ, for WLFF and Ironman, Western
States 100, and the Race across America, respectively). We
suspect that the latter is likely due to excess sweating due to
their protective clothing and gear worn, the hotter ambient
conditions on fire assignments, and/or a conscious attempt
to ingest large amounts of fluids during the work shift to
protect against dehydration and the accompanying added
heat strain. Westerterp et al. (134) observed a similar inflation
of water loss relative to energy requirement with a subgroup
of females, but in their situation, attempting to manage
cravings to snack. Therefore, it is reasonable to assume that
some of the WLFFs may have been drinking more than their
metabolic requirements to prevent dehydration.

The water turnover data also reveal that WLFF logisticians
and crew chiefs should plan that crew members will con-
sume water at 0.35 liter/MJ, (∼6 liter/24 h) and 0.50 liter/MJ
(∼10 liter/24 h) when working moderate and higher itensity

fires in warmer weather, respectively. And lastly, that ade-
quate water appears available to the WLFF, as hand crews, as
a group, are preserving their body water over repeated days
of fire suppression duty.

The position stands from the American College of Sports
Medicine (ACSM) (111) and the National Athletic Trainers
Association (NATA) (74) recommend that athletes and indi-
viduals engaged in occupational labor drink sufficient water
to prevent excessive dehydration, or a water deficit in excess
of 2% to 3% of typical body mass, during physical activity.
These organizational position stands and other authoritative
sources (55) also encourage that excessive fluid intake be
avoided, as exertional hyponatremia can compromise both
performance and health. The current available evidence
suggests that WLFF drinking ad libitum are drinking enough
to protect against excessive dehydration and not drinking to
excess.

In a study examining of WLFFs performing a variety
of simulated wildland fire management activities, such as
raking-oriented fireline construction and nonrake activities
including sitting, standing, and walking) sweating rates
ranging from 0.5 to 2.1 and 0.04 to 0.4 liter/h were reported
for rake and nonrake activities, respectively (53). The sweat
rates during the nonraking activities were positively corre-
lated with body mass (r = 0.72) and ambient air temperature
(r = 0.93). The work duration for this simulation averaged
5.4± 0.1 h and calculated mean hourly sweat rates were
544± 18 g/h. Measured fluid intake was 343± 14 mL/h
resulting in a −1.5± 0.1% change in initial body mass.

Separately, we evaluated the fluid intake patterns during
live-fire management work in the northwest part of the
United States (Leavenworth, WA). Fluid intake and the
pattern of drinking were quantified using a digital flow
metered drinking reservoir system (35). During a 15-h work
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Table 4 Fluid Intake Relative to Measures of Total Daily Energy Expenditure of WLFF, Recreationally Active or Sedentary Adults, and
Ultra-Endurance Athletes

Location (reference) BM, kg TDEE (MJ/24 h),
kcal/24 h

rH2O (liter/24 h),
mL/kg/24 h

L.MJ/24 h Weather activity RH, % Season

High, ∘C Low, ∘C

MT (n =1) (109) 60.5±0 - 12.8 (3067) 4.4±0
(73±0)

0.34±0 32.4 6.9 30 Wildfire

CA (n =4) (109) 63.2±10.3 18.7±3.8
(4471±906)

6.5±1.8
(102±19)

0.35±0.1 38.9 23.4 25 Wildfire

FL (n =5) (109) 71.1±7.3 14.9±2.2
(3554±530)

7.9±1.0
(110±7)

0.53±0.1 36.1 22.2 72 Wildfire

WA (n =4) (109) 77.5±7.3 16.5±3.5
(3952±841)

6.4±1.8
(82±18)

0.38±0.04 32 17.7 28 Wildfire

ID (n =3) (109) 68.4±2.7 22.8±3.0
(5450±713)

7.8±1.6
(113±19)

0.34±0.1 34.2 9.4 25 Wildfire

CO (n =15) (40) 77.3±8.3 19.1±3.9
(4556±943)

9.5±1.7
(123±18)

0.51±0.1 34.0 20.0 25 Wildfire

The Netherlands (134) — 11.6±2.4
(2772±574)

F, 3.3±0.8 F, 0.37±0.1 — — — Summer

M, 3.6±1.1 F, 0.34±0.1

M, 0.28±0.03

11.5±2.1
(2749±502)

F, 3.1±0.9 F, 0.32±0.1 — — — Winter

M, 3.4±1.2 F, 0.31±0.1

M, 0.27±0.1

Ironman (N =6) (38, 106)a 70.4±7.2 34.8±6.3
10.8±2.5
(8310±1520)
(152±25)

10.8±2.5a

(152±25)a
(0.31)a 33.0 21.0 70 October

WS 100 (N =10) (106)a 71.4±11.7 29.4±5.7
8.7±1.8
(7040±1360)
(123±24)

8.7±1.8a

(123±24)
(0.29)a — — — June

Abbreviations: TDEE, total daily energy expenditure; rH2O, water turnover from D2O dilution (40, 109, 134).
aValues adjusted for 12-h measurement period (expressed as L.MJ/12 h).

shift, subjects consumed fluids exclusively from the pro-
vided reservoir system which was re-filled as necessary
throughout the workday. Fluid was provided as either plain
water or a water+ electrolyte beverage (22.8 mmol/liter,
45 mg magnesium, 125 mg sodium, 130 mg chloride, 20 mg
sulfate/liter) beverage. The total work shift fluid intake was
significantly higher for the water only group (7.6± 2.4 liter)
compared to the water+ electrolyte group (4.3± 1.8 liter).
Yet, only modest body mass loss was incurred across the
work shift (78.1± 13.3 pre vs. 77.3± 13.3 post, −1% body
mass loss) with no differences between groups. Because
of the metered drinking system, drinking patterns could be
quantified. Drinking volumes were highest during hours 6
to 13 (averaging roughly 0.8 liter/h), commensurate with
the hotter portions of the day and the highest activity rates
(accelerometer based). Drinking frequency was proportionate
to increases in ambient temperature throughout the day and
peaked at an average approximating 10 drinks/h.

Self-report fluid ingestion studies have also demonstrated
important scientific insights. Raines et al. (96) asked WLFF
to record their drinking over 2 days while on a wildfire
assignment in Australia. The work shifts were 12.0± 2.6 and
11.8± 2.4 h with ambient temperatures of 30.9± 3.6 ∘C and
32.8± 5.7 ∘C on days one and two, respectively. Total fluid
intake was not different between days 1 and 2 and averaged
6.4± 1.9 liter/day. Interestingly, approximately 20% of the
postshift fluid intake was reported as beer (1.4± 0.8 liter),
which is commonly restricted from established fire camps in
the United States. Although pre- and postshift measures of
nude body mass were not obtained, there were no significant
changes in resultant plasma osmolality across either shift
(pre vs. post and 2-h postshift); suggestive that their 24-h
self-report fluid intake was sufficient to avoid excessive
water deficits across the 2-day work window. Even when
crew members were prescribed copious amounts of fluid
during their work shift (1.2 liter/h), they chose to drink less
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(actual= 532± 232 and 218± 198 mL/h for the prescribed
and ad libitum groups, respectively). Interestingly, there
were no differences in hydration status, plasma sodium,
or indicators of cardiovascular system stress between the
groups (98).

The adequacy of work shift water consumption ad libitum
has also been demonstrated in situations when common
metrics of hydration status (urine color, specific gravity, and
plasma osmolality) suggest that crews might have begun
their work shift hypohydrated (97, 98). These and the afore-
mentioned studies indicate that WLFFs with adequate work
experience on the fireline typically self-regulate both work
rates and fluid intake behaviors to protect against excessive
dehydration. Table 5 provides a comprehensive review of
fluid intake behaviors for crews on simulated and live-fire
assignments (35, 37, 53, 65–67, 96–98, 108, 129) and on the
impact of their behavior on overall hydration status. Collec-
tively, the WLLF drinking behaviors appear to be preventing
excessive dehydration and the associated deterioration in
work performance and health.

Due to paucity of research on the optimal combinations
of fluid volumes and intervals to enhance fluid retention and
thermoregulation, it is reasonable to ask whether prescribed
drinking might be advantageous over simply drinking to
satisfy perceptions of thirst. In the early 1990s, Montain and
Coyle (78) evaluated changes in esophageal temperature and
serum sodium and osmolality during four different 140-min
cycling trials in the heat (33 ∘C, 51% relative humidity (RH))
where fluids (1173± 44 mL of a 6% CHO, electrolyte bever-
age) were delivered after 0, 40, or 80 min of exercise. These
single bolus trials were compared to a trial in which fluids
were delivered at 0, 20 min, and every 15 min through 95 min
of the 140-min trial. Due to fixed absolute drink volume, the
intensity (70.5± 3.3% of Vo2 max), and the average sweat
rates which approached 1.2 liter/h, subjects lost 2.9± 0.1%
body mass. Although the more frequent fluid delivery atten-
uated the rise in body temperature and serum sodium and
osmolality changes within the cycling bout, there were no
between-trial differences at the end of the 140-min exercise
period when participants had incurred the same magnitude
of water deficit (78). These results suggest that drinking
behavior can influence the physiological responses during
exercise, but that the same physiological consequence will be
incurred at a common level of total body water deficit.

In a related lab-based study, Rosales et al. (103) had sub-
jects complete multiple trials with either a CHO, electrolyte
mixture, or plain water. Fluids were provided commensurate
to expected sweat rates as a single bolus (1005± 245 mL prior
to each hour of a 2 h trial, 1.3 m/s, 5% grade, 33 ∘C, 30% RH)
or as 22 doses/h (46± 11 mL/dose). Results indicated that
there were no differences in body mass loss, urine production,
heart rate, or skin and core temperature between the trials.
These data revealed that at work rates in environmental con-
ditions like those common to live-wildfire assignments, there
is no apparent advantage to the way fluid was ingested. That
is, despite sweat rates approaching 1 liter/h, heat management

was unaffected when the isovolumetric bolus of water was
consumed by gulps or sips. These data also suggest that fire
crews may likely benefit most from frequent water breaks not
because of regulated fluid intake intervals, but rather because
of an interruption in metabolic heat production. Interpretation
of this body of published work provides cumulative rationale
for adherence to adequate work:rest intervals proportionate to
the ambient conditions and to the metabolic demands. Addi-
tional protection is conferred by optimizing early-season
aerobic fitness (33) and regular attention to fluid intake
ad libitum. Historically, past research and wildfire agencies
have over-emphasized the later without full consideration of
the former.

Is supplemental sodium warranted?
The general recommendations for sodium intake in sports
beverages ranges from approximately 0.5 to 0.7 g/liter for
events less than 3 h and 0.7 to 1 g/liter for events longer than
3 h. These recommendations are presumably based on the
idea that very little if any mixed macronutrient dietary sources
will be consumed during the event. These assumptions do
not necessarily apply to WLFFs, as they have access to meals
before, during, and after the shift. Therefore, considera-
tion of the WLFF dietary sodium intake is necessary when
considering if supplemental sources of sodium are merited.

Marks et al. (73) comprehensively quantified dietary
intakes from camp breakfast and dinner, in addition
to all provisions (liquid and solid) consumed during a
14.0± 1.0 h live-wildfire assignment. Sodium intake averaged
1685± 1353, 2417± 1174, and 2411± 1028 mg at breakfast,
during the work shift provisions and dinner, respectively.
Collectively, the average total 24-h sodium consumption
exceeded 6500 mg.

Rosales et al. (102) provided additional insights for
whether WLFFs may require supplemental dietary sodium
while on assignment. In this investigation, the research team
used data collection tablets on the fireline to quantify dietary
intake, fluid consumption, and sodium intakes of WLFFs
while they performed a single work shift (13.7± 1.3 h). The
observed total daily sodium intake was 6628± 2186 mg, and
body mass was unchanged across the work shift (79.6± 13.2
and 79.6± 13.1 kg for pre- and postshift, respectively). Total
work shift fluid intake was 6.2± 2.3 liter and total work shift
urine production was 2.5± 1.0 liter with a urine frequency of
5.7± 2.5 voids during the work shift. When work shift voids
were compared (am vs. pm), urine specific gravity remained
stable (1.010± 0.007) throughout the day. Serum sodium was
examined in a subset of the sample (n = 25), and findings
indicated that blood levels remained stable across the work
shift (141.5± 2.4 and 140.8± 2.0 mmol/liter for pre- and
postshift, respectively). The preservation of total body water
coupled with the stability of postshift nude weight, urinary
output, and serum hydration metrics collectively indicated
that these WLFFs were in an approximate state of water bal-
ance at the end of their shift (preshift body mass≈ postshift)
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without supplemental sodium ingestion. It is noteworthy
that no research subject in our studies with WLFF over
the past 25 years has ever been treated for hyponatremia
postshift.

Ultra-endurance triathletes offer a comparative model
when considering if supplemental sodium is warranted
in WLFFs. Athletes participating in full Ironman events
perform sustained moderate-intensity work, incur large
water turnover, and have race times comparable to a WLFF
work shift. Because their energy expenditure is higher
than WLFF, their sodium turnover provides insight into
the upper-end need for WLFFs. Triathletes competing in
the South Africa Ironman consumed ad libitum foods and
fluids (n = 61) or an additional 156 mmol (3586 mg) of
sodium (n = 53). The total sodium intake was estimated
at 297 mmol (6828 mg) and 453 mmol (10,414 mg) for the
control and experimental groups, respectively. There were
no group-dependent changes in serum sodium levels in
pre- versus postrace measurements (control= 140.7± 1.7
and 140.5± 3.5 mmol/liter pre and postrace; experimen-
tal= 140.6± 1.7 and 141.5± 2.7 mmol/liter pre and postrace,
respectively) (56). The authors concluded that supplemental
sodium consumption above ad libitum levels was not required
to maintain serum sodium concentrations.

In a similar study at the Ironman World Championships
in Kona, HI (87), subjects demonstrated a 1.45± 1.6 kg
body mass loss and a change in serum sodium (145.4± 2.1
and 142.8± 4.4 mmol/liter pre- and postrace, respectively).
Nutrient intake was monitored on a subset of the subjects
(n = 20). Fluid intake averaged 12.4± 4.0 liter and total
race sodium intake was 257± 122 mmol (5980± 2804 mg).
The combined data from Ironman events and data collected
on the fireline indicate that supplemental sodium either
during or after the work shift is unnecessary if WLFFs
have access to the camp-prepared foods and are allowed
to eat ad libitum. It is still unclear whether dietary sodium
intake is adequate when WLFFs subsist on military rations
during operational assignments resulting in negative energy
balance.

Physiological Adaptations Across the Fire
Season
Off-season training is a compulsory activity to prepare for
the physical demands of the fire season and the long duty
shifts (47). Early studies of the population indicated that
WLFFs utilize hiking, with and without load carriage, as
one of their primary pre/early-season training modalities (42,
114, 115). Hiking in itself provides significant health ben-
efits without prerequisite skills and/or equipment demands
(76). Even with the availability of a host of modern-day
training tools, hiking remains one of the most pragmatic
and cost-effective training modalities available to improve
overall work-specific fitness in WLFFs (25). Hiking also
provides a highly task-specific overload stimulus for the work

capacity test that was developed to assess adequate preseason
preparation (114).

The oxygen consumption estimates during the preseason
training hikes (38± 12 mL/kg/min) have been observed to be
consistently higher in IHCs than their Type II counterparts
(120). This conclusion is evidenced by the fact that IHCs
walk at a faster speed (Δ= 0.2 m/s) for longer durations
(Δ= 19 min) while carrying a load similar to what they will
carry during the season. The higher estimated steady-state
Vo2 of the IHC training hikes are in the upper 17% of
performances observed during ingress hikes on assignments.

One might assume that the arduous nature of seasonal
wildland firefighting would result in continued and consistent
improvements in physical fitness in WLFFs. Group-wide
improvements in fitness, however, are typically not observed,
or are modest in magnitude when they occur. The studies to
date indicate that as a group, aerobic fitness has remained sim-
ilar to baseline (47) or was only modestly improved (+3%)
after a fire season (71). Gaskill et al. (47) reported that Tvent
values decreased from 37.5± 7.0 to 35.4± 2.3 mL/kg/min
over the course of a season when they followed four indepen-
dent crews (N = 65). The lack of group change is, however,
masking the within-group pattern. When individual WLFFs
in these datasets are stratified according to their baseline
(preseason) Vo2 peak, those that were less aerobically fit
before the season became more fit, whereas those with higher
initial Vo2 peak values incurred a loss in aerobic fitness
over the season. The same pattern emerges in their pre- to
postseason sustainable aerobic capacity (Tvent) scores. These
data suggest that WLFFs are adapting to the physiological
requirements of their labor (47); for some this requires
a training effect, whereas for others, a modest detraining
adjustment.

It is well described that significant reductions in aerobic
conditioning will occur within as few as 2 weeks when the
training stimulus is discontinued (85). WLFFs that begin the
fire season aerobically fit will, therefore, require inclusion of
greater intensity exercise than the WLFF tasks require if they
desire to maintain their preseason fitness levels throughout a
season of firefighting (70).

To date, changes in muscle strength and work task stamina
have received limited attention. Also unclear is how measures
of upper and lower body strength change across a season
compared to measures of aerobic power and/or sustainable fit-
ness (Tvent). Considering injury risk related to slips, trips, and
falls, additional information regarding the strength demands
of wildland fire management is warranted and represents a
necessary research direction.

In-season WLFF physical activity and the blood lipid
paradox
A physically active lifestyle is recommended to improve
blood lipids and other health status indicators (9). Given the
physical nature of wildland fire management, it might be
expected that blood lipids and health status markers would
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be low and maybe improve over a fire season. Yet, such
favorable adaptations to WLFFs have not been observed to
date. Instead, when examined, a pattern in the direction of
poorer lipid status is emerging and presents a pathogenic
paradox that is an active area of new investigation.

We first had the opportunity to examine how a variety of
health status markers adapted to the seasonal stress of wild-
land fire management in a cohort of Alaska-based WLFFs
(N = 27) who were deployed a total of 63 operational days
between the months of June and September (29). We found
that over the observation period, several changes were appar-
ent via dual-energy X-ray absorptiometry scans, magnetic
resonance imaging/spectroscopy scans, and blood work.
Total and visceral fat mass were increased across the season
(total= 12.4± 5.2 and 13.9± 4.9 kg, visceral= 318± 47
and 419± 48 g for pre and postseason, respectively). Total
cholesterol and low-density lipoprotein (LDL) were also
increased (total cholesterol= 162± 28 and 180± 34 mg/dL,
LDL= 86± 23 and 100± 32 mg/dL for pre and postsea-
son, respectively). Although not statistically significant,
intrahepatic lipid demonstrated an increased trend from
baseline (+30%, p = 0.06). These seasonal perturbations in
atherogenic blood lipids have now been corroborated in a
larger sample of WLFFs (N = 100, 92M, 8F) from Montana
and California crews (in response to >100 operational days
deployed) (101). Similar to our study in Alaska, total choles-
terol, LDL, VLDL and triglycerides were increased across
the season (total cholesterol= 173± 31 and 178± 28 mg/dL,
LDL= 93± 28 and 97± 25 mg/dL, VLDL= 14± 7 and
18± 10 mg/dL, triglycerides= 71± 33 and 90± 51 mg/dL
pre and postseason, respectively). In contrast, HDL was
numerically reduced (66± 16 and 64± 13 mg/dL, pre and
postseason, respectively). While these values remain in the
normal range, we have identified negative direction changes
now in two different cohorts. Whether these changes are
potentially heightening the seasonal risk of developing
insulin resistance and metabolic diseases during wildland fire
operations remains unknown (110).

We suspect that several factors may be overriding the ben-
eficial influence of human movement on these health status
indicators. These factors include, but are not necessarily
limited to: (i) smoke exposure/inhalation, (ii) deconditioning,
(iii) stress, (iv) sleep, and (v) dietary intake (47, 82, 117,
130). Table 6 outlines some of the measured changes, both
positive and negative, for multiple health status indices that
have been examined over a wildland fire season.

Occupational Hazards and Other Health
Concerns
Heat stress
The ambient temperatures on wildland fire assignments are
generally warm to hot. In the datasets we have collected,
the ambient temperatures in the highest quartile have ranged

from 29.0 to 49.1 ∘C, whereas the lower quartile has spanned
from 13.3 to 25.1 ∘C. Although some of the ambient weather
conditions have exposed the WLFF to moderate- to very
high risk for experiencing heat illness (24), the observed
mean Tc and skin temperature (Tsk) values indicate that the
crews appropriately modified their work intensity and/or
added longer rest periods in these conditions to avoid
heat strain (40). Likewise, activity counts (via actigraphy)
amongst teams studied and operating in mild to warm
ambient temperatures have been similar, whereas there
has been a modest reduction within teams operating in the
hottest temperatures (13.3–25.1 ∘C= 540± 637 counts/min;
25.2–26.4 ∘C= 538± 665 counts/min; 26.5–28.9 ∘C= 570±
638 counts/min; 29.0–49.1 ∘C= 487± 449 counts/min) (121).
This observation of relatively consistent activity rates across
the ambient temperature ranges suggests that the pace of their
work can be preserved over a fairly wide range of ambient
temperatures and is appropriately modified in more extreme
ambient temperatures.

The clothing and equipment worn by the WLFF impede
heat transfer to the environment. All WLFFs wear a fire
flame-resistant long sleeve work shirt and pants consisting
of Nomex® material along with protective heavy leather
boots that extend above the ankle and a hard hat and leather
gloves. Prior studies on these ensembles have established that
there is an increased thermal demand associated with activity
when wearing these protective garments (49, 112). Moreover,
these uniforms will induce an upward shift in the thermal
strain-metabolic rate and ambient temperature relationship
and likely lower the critical ambient temperature where
work:rest schedules need to be adjusted to avoid excessive
thermal strain and heat illness.

To gather data on the magnitude of hyperthermia being
experienced on the fireline, West et al. (132) measured the
body core temperature responses of 298 WLFFs while they
performed their live-wildfire assignments. They observed that
the WLFF Tc during their shift work was proportionate to the
work intensity and the duration of each intermittent activity
segment within the work shift. A Δ+ 0.5 ∘C rise above
baseline was observed when higher work intensities were
maintained for approximately 75 min. The peak Tc observed
was approximately +1.5 ∘C above baseline when WLFFs
were engaged in higher work intensities work and this level
of effort was sustained greater than 300 min. Importantly, job
task (intensity of work) and duration were identified as modi-
fiable risk factors to reduce the Tc rise and heat injury risk. To
date, this study is the most comprehensive characterization of
the thermal strain being experienced by WLFFs on live-fire
assignments.

Established heat illness prevention guidelines within wild-
fire agencies often emphasize drinking as a key practice to
avoid heat injury. Drinking mitigates the accumulation of
excessive dehydration but by itself is not protective against
heat injury. Rather, the best protective measure is to reduce
exercise intensity and the insertion of rest breaks to lower
the thermoregulatory burden imposed on the individual. An
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Table 6 Documented seasonal changes in wildland firefighters

Study

Body

mass LTM FM Visceral fat

Total

cholesterol

LDL-

cholesterol

VLDL-

cholesterol

Intrahepatic

lipid

Aerobic

fitness

Blood

pressure

Grip

strength

Coker et al. (n =27) (120) ∅ ∅ ∅

Dodds et al. (n =100) (91) ∅ ∅ ∅ ∅

Gaskill et al. (n =65) (114) ∅ ∅ ∅ ∅ ∅ ∅ ∅

Lui et al. (n =12) (115) ∅ ∅ ∅ ∅ ∅ ∅ ∅

Abbreviations: LTM, lean tissue mass; FM, fat mass.
Large arrows indicate significant alterations (p <0.05), whereas indicates a strong trend (p =0.06). Horizontal arrows indicate no significant
alterations (p >0.05). “∅” Indicates variable not measured.

exemplar of this point comes from a subject participating
in the metered fluid intake study cited in the fluid intake
section (35). In this instance, the subject developed a heat
injury requiring medical intervention 7 h into one of the work
shifts (∼1430 h). Because monitoring instrumentation was
integrated as part of the investigation, we were able to capture
this WLFF’s physiology as the heat-related injury (HRI)
evolved (37) and can compare this individual’s data to the
physiological responses to fellow crewmates (35), in addition
to other core temperature response data (121) in our database.
The affected individual’s data are illustrated in Figure 3. In the
7 h leading up to the HRI, this WLFFs work rate (measured by
actigraphy as above) was the single highest individual work
rate captured within the scope of our decades-long research
in this area. Specifically, this body of work encompasses
132 subjects observed over a duration of 321 work days
(34, 35, 77). In the 2.5 h leading up to the HRI, the affected
individual was exposed to 113 min at ambient temperatures
≥40 ∘C, of which 41 min were at air temperatures ≥50 ∘C.
In contrast, the ambient temperatures experienced by other
crewmembers on the same fire did not exceed 39 ∘C. The
individual’s total fluid intake was 5.9 liter and was consumed
at an average rate of 840 mL/h over the 7 h preceding the HRI.
This level of fluid intake was higher than fellow crewmates
and was achieved by 24± 11 drinks episodes/h which was
also more frequent than fellow crewmembers (9± 6 drinks/h).
Despite this aggressive fluid intake behavior, heat exhaustion
occurred, and Tc peaked at 40.1 ∘C. Meanwhile, the Tc of the
other crew members did not exceed 38.5 ∘C and they did not
develop heat illness. There was an ample gradient between
Tc and Tsk in the 2 h preceding the HRI (Δ4.8± 3.8 ∘C),
indicating that there was a large potential for heat dissipation.
Moreover, the individual’s aggressive drinking had prevented
excessive dehydration. The individual’s excessive rise in Tc,
therefore, was largely due to working at an exercise intensity
that produced too much metabolic heat for the ambient
conditions, and consequently, Tc rose to excessive levels. The
individual was evacuated from the fireline by helicopter, was
treated at the local hospital, and released the same day.

The adequacy of the fluid intake data in the above-
mentioned studies (33, 132) reveals that dehydration was not
a major contributor to the magnitude of hyperthermia or the
risk for heat injury. Instead, these data and the cumulative
body of work in this area indicate that heat intolerance
during wildland fire assignments aligns most closely with
the mismanagement of work:rest intervals, leading to heat
storage and an inability to adequately offload the metabolic
heat production (37, 132). Therefore, safety messages and
fireline tactics should focus attention on managing the heat
load, either by reducing work rate or including more frequent
rest breaks away from ambient heat sources as the primary
strategy to reduce heat illness risk. Focus on aggressive fluid
intake at the expense of attention to behaviors that will either
lower heat production or aid in heat dissipation may instill
a false sense of protection during arduous wildfire manage-
ment. Simply stated, aggressive fluid intake strategies do not
adequately compensate for metabolic heat production, high
ambient temperatures, and/or inadequate preseason aerobic
conditioning which can culminate in uncompensated heat
stress.

Altitude
The ability to work effectively and safely at moderate
and higher terrestrial altitudes is a separate environmental
challenge for the WLFF. Analyses from continuous GPS
data indicate that WLFFs operating in the western US
performed their fire assignments at an average working alti-
tude of 1505± 707 m with a recorded max of 3326 m (119).
Although these altitudes are unlikely to compromise expected
work rates or induce acute mountain sickness, higher altitude
assignments present an additional physiological strain and
could contribute to deterioration in performance capability
when combined with the other environmental stressors.
The altitude-induced limitations to work shift performance
could become manifest from decreases in aerobic capacity
(54) and the cumulative effects of lower oxygen saturation
which heighten the risk of acute mountain sickness (94),
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of heat exhaustion was 40.1 °C.

Work output averaged 1067

counts/min compared to 300 to 600

from prior studies.
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incident.
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Figure 3 Timeline of a heat-related injury during arduous wildland fire management with the individual drinking
behavior prior to presenting with heat injury and their body core temperature over time. Adapted, with permission,
from Cuddy JS and Ruby BC, 2011 (37).

alter reaction time (52), diminish decision-making capacity,
and lower the overall health and safety of wildland fire
crews.

Smoke exposure
Smoke exposure is an occupational hazard for WLFFs.
The number of pathogenic pollutants is highest with pre-
scribed burns that utilize petroleum-based fuels, and lowest
when combating the early stages of a wildland fire (2, 99).
Carbon monoxide, formaldehyde, nitrogen oxides, polycyclic
aromatic hydrocarbons, volatile organic compounds, and
secondary particulate matter (PM) comprise many of the
pollutants produced in wildfire smoke and can compromise
human health (81). Fine PM (PM2.5), a component of wood
smoke, heightens risk of respiratory morbidity, and all-cause
mortality (20). The American Heart Association has also
identified PM2.5 inhalation as a contributory risk factor for
cardiovascular morbidity and mortality (11), including the
precipitation of acute cardiac events (84). The underlying
mechanism(s) for these various pathological outcomes are
likely connected to the accumulation of PM2.5 within the
lungs where it can then induce chronic inflammation and
oxidative stress. Sustained levels of PM-induced inflam-
mation are ultimately responsible for multiple pathological
sequalae throughout the cardiovascular system (93). In fact,
increased risks for atherosclerosis, plaque destabilization,
peripheral thrombosis, hypertension, dysrhythmia, and/or
myocardial ischemia have all been linked to PM2.5 exposure
(93). Recently completed studies in mice now suggest that

PM2.5 exposure directly promotes chronic inflammation,
oxidative stress, and increased lipid droplet size in liver
tissue; simultaneously initiating dyslipidemia and nonal-
coholic liver disease (141). Clinical studies designed to
mimic conditions of PM2.5 exposure and physical work in
WLFFs (3) further confirm deleterious alterations in markers
of inflammation and oxidative stress within 90 min of PM2.5
exposure. Elevated biomarkers following PM2.5 exposure
were observed simultaneously in multiple tissues, as indi-
cated by increased pentraxin-3 (PTX3) and 8-isoprostane
levels in plasma and exhaled breath condensate (EBC)
(44, 90). Therefore, indications from clinical laboratory-
based studies seem to corroborate a causative link between
PM2.5 exposure and dyslipidemia, which in turn can lead to
hepatic steatosis.

The dispersion of the wood smoke affects the inhaled
dose and is likely to impact the physiological response to
pollutants (22). For example, studies conducted in young
school children exposed to wood smoke-polluted air did not
present alterations in hydrogen peroxide or EBC pH (43).
On the other hand, urinary 1-hydroxyprene was elevated,
indicating relatively modest exposure to polycyclic aromatic
hydrocarbons (62). Even though inherent variations to smoke
exposure were reduced by recruiting children from the same
metropolitan private school (and validated by the recording
of symptom diaries), daily PM2.5 levels commonly fluctuated
by at least twofold within a given location (125). Calm
winds were associated with PM2.5 levels and reached levels
tenfold higher (i.e., 165 mg/m3) than particulate counts when
there were modest wind conditions. The combustive and
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unpredictable nature of wildland fires is often associated with
strong winds (6) and greater dispersion of the wood smoke.
Accordingly, quantification of PM2.5 levels is now routinely
tracked at each fire. The combination of remote particulate
sensing and global positioning system-based asset tracking
is being used to improve the safety of WLFFs engaged in
wildfire management (8). Yet, long-term and high-dose PM2.5
exposures remain an occupational hazard with the potential
to impact metabolic health.

The physical nature of a WLFFs work enhances their air
pollutant exposures. The heightened ventilation depth and
rates during physical labor increase the volume of air entering
the lungs and the accumulation of particulates in the respira-
tory system (86). While it remains difficult to quantify directly
in human studies, the accumulation of PM in the lungs is
believed to further exacerbate systemic oxidative stress and
inflammation responses to physical activity performed in a
smoky environment (63, 89).

Obvious concerns then arise for WLFFs as physical exer-
tion and high TDEE are fundamental elements of the job
(40, 109). One potential countermeasure is to improve the
preseason cardiorespiratory fitness of the individual WLFF,
thereby lowering the ventilatory rate for a given sub-maximal
level of physical exertion. Accordingly, any individual
seeking work as a WLFF is encouraged to begin physical con-
ditioning at least 4 weeks before the start of the season (116).
As described previously, heterogeneity in preseason values
of sustainable aerobic capacity (Tvent) and maximal oxygen
consumption (Vo2 peak) (47) is common within a given
crew. Over the course of the season, however, Tvent values
merged to a more homogenous average with less individual
variability around that mean; reflecting a decay in the fittest
individuals, and positive changes in crew members who
started the season less fit (as previously discussed).

These observations not only suggest that operational fit-
ness presents in a more homogeneous fashion throughout the
season but that declines in the Tvent (and the corresponding
ventilatory rate for any submaximal workload) in some pre-
season fit individuals may contribute to an elevated metabolic
risk subsequent to aerobic detraining. In support, preliminary
evidence, from laboratory studies of smoke inhalation concen-
trations and work rates that mimic WLFF scenarios, indicates
systemic oxidative stress and chronic inflammation occur due
to elevated ventilatory rates during treadmill walking (44, 90).
Additional studies are needed to delineate linkages between
seasonal changes in cardiorespiratory fitness, metabolic risk,
and stress biomarkers related to smoke exposure.

Psychological stress
Elevated levels of depressive symptoms and posttraumatic
stress disorder (PTSD) have been reported in WLFFs after
extended fire seasons (7, 68, 95). The prevalence of PTSD
within these WLFFs varied from approximately 12% to
25%. By comparison, the incidence of PTSD in Special
Operations Forces personnel has been reported to range from

approximately 16% to 20% (57). Incidentally, the causes
of the reported stresses are not well defined in WLFFs but
may be a function of the inherent nature of seasonal work
or the operational schedule. However, several factors likely
contribute to this growing area of concern.

Emotional changes are troubling when viewed in the con-
text that coming fire seasons are expected to be longer and
the fires more frequent and larger in scale in the foreseeable
future. As these changes in fire manifest, it may mean WLFFs
will spend additional time away from their family and away
from home, while experiencing accumulating physical and
emotional fatigue. None of which suggests that the emotional
challenges will be lessened. As such, countermeasures are
needed.

The psychological literature indicates that social support
and beneficial community integration mechanisms can lessen
psychological symptoms. Left untreated these symptoms
can worsen and even persist for decades after the original
work-related trauma (80, 88) and contribute to the devel-
opment of metabolic syndrome (131). PTSD perturbs the
hypothalamic-pituitary-adrenal axis. Dysregulation of this
hormonal axis promotes elevations in circulating cortisol;
ultimately increasing the risk of type 2 diabetes, dyslipi-
demia, insulin resistance, and chronic inflammation (105).
Fortunately, recent studies report that emotional support
from family, friends, and coworkers offer protective benefits
against undue stress in the operational environment (60).

Disrupted sleep
Sleep is a separate emergent topic within the firefighting
community; both the untoward effects lack of restorative
sleep can have on performance and decision-making, but also
its contribution to emotional resiliency. The extended travel
to fires, rudimentary sleeping conditions, and consequent
exposure to extreme environments, can each hinder the vol-
ume and quality of sleep in this community. Epidemiological
studies indicate that poor sleep hygiene, in physically and
mentally stressful environments is associated with multiple
health outcomes. For example, work-related declines in self-
reported sleep quality within 2941 military service persons,
were associated with corresponding declines in mental health
(PTSD, trauma processing, etc.) (122).

The impact of sleep disruption has been studied within the
WLFF community (14, 21, 127–129). Observational studies
suggest that sleep behavior varies considerably across crews,
regions, and even individual fire events. Studies have also
examined the impact of acute sleep restriction on perfor-
mance indicators. For example, a study randomized WLFF
participants to normal sleep (8 h) and sleep-restricted (4 h)
groups during live wildfire assignments. The authors reported
that metrics of fatigue increased in the sleep-restricted group,
and firefighting performance tasks (e.g., raking, hose rolling,
etc.) were nominally—but not statistically—lower. One
caveat limiting this conclusion, however, is that the fire was
of relatively low intensity and did not put undue physical
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Figure 4 Theoretical concepts surrounding the occupational factors of wildland fire
management that influence deconditioning, pollutant exposure, and chronic stress triad
(DPST) and potential countermeasures that may reduce seasonal health in wildland
firefighters. PM2.5, fine particulate matter.

stress on the participants (127). Accordingly, it appears that
the application of findings from sleep research in WLFFs is
contingent upon the relationship between the sleep metrics
and the magnitude of stress experienced within the imme-
diate work environment (75). In support, in a more recent
publication actigraphy was used to quantify sleep duration
during low-intensity and high-intensity wildland fire fighting
scenarios. In their investigation, McGillis et al. documented
a significant drop in total sleep time (TST) during strenuous
initial attack fire deployments (an average of 1 h, 25 min less
sleep). Moreover, while shift length (e.g., <12 h, 12–13 h,
>13 h) and the time of day associated with the end of the
work shift (e.g., <7 pm, 7–8 pm, 8–9 pm, >9 pm) had nonsta-
tistical impacts on sleep quantity, beginning shifts between
5 and 6 am had the most significant influence on sleep
duration (∼1 h less sleep on average) (75). The results of
these studies have obvious safety implications during wildfire
management, and the downstream consequences of poor
sleep may negatively affect stress resilience and contribute to
an increased risk for metabolic derangement.

Comprehensive health concerns
Cumulative evidence strongly suggests that WLFF expe-
rience a myriad of factors which may increase the overall

risk for cardiometabolic abnormalities (44, 138, 139). Evi-
dence from preclinical studies directly link smoke exposure
(cigarette) to cholesterol transport and dyslipidemia (142). As
it stands, we know that particulate exposure, marginal fitness,
and cumulative stress influence metabolism and resilience
(23, 82). Unknown, however, is whether these factors syner-
gistically affect cardiometabolic health in an unscripted field
setting involving extended wildland fire management and the
comprehensive stresses involved.

Figure 4 provides an overarching theoretical model of
what factors could be contributing to the apparent untoward
cardiometabolic shifts being observed in WLFFs. Also, the
paradigm considers the singular and combined influences
that particulate exposure, inadequate preseason conditioning
versus deconditioning, chronic stress, and inadequate sleep
could play in the shifts observed and can serve as a guide
for additional research and countermeasure development. We
propose a deconditioning, pollutant exposure, and chronic
stress triad (DPST) oriented model for future research con-
siderations. This comprehensive approach attempts to outline
the combined stressors that may work synergistically to
impair healthy seasonal outcomes. While some counter-
measures have been tested in past research with crews and
others (33, 35, 47, 71), more work is needed as none of these
approaches have attempted to address smoke inoculation,
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stress, or sleep loss. Educational materials that clearly outline
available resources (nutrition, preseason training, recov-
ery, counseling support tools, and incident-oriented sleep
hygiene) are also warranted to reduce the risk factor triad
summarized in Figure 4.

Pulling It All Together
Unique and valuable insight into the work life of WLFFs,
and the physiological burdens experienced by this specialized
workforce (both daily and over the course of a fire season),
have been gleaned using a variety of experimental methods
and approaches. WLFF demographic profiles have been
characterized, and the overall energy and water budgets
of crewmembers on assignment are now known. Historic
and recent data have led to an understanding of the acute
metabolic demands of various fireline tasks including hik-
ing with a load and working with hand tools for fireline

construction and maintenance. Additional work has detailed
the expected heat and cardiovascular strain responses to
unique ambient and metabolic heat production; issues that are
managed effectively by WLFFs through strategic work:rest
cycles and adequate fluid intake. Dietary intake and evalua-
tion studies have delineated fatigue countermeasure strategies
while also demonstrating that the need for nutritional sup-
plements is likely unwarranted when adequate TEI is met
with ad libitum eating. Moreover, these comprehensive
physiological responses have been evaluated in both female
and male WLFFs over multiple decades of data collection.
These comprehensive findings are detailed in Figure 5.

Conclusion
WLFFs play critical roles in the management of wildfire
outbreaks. Their work requires long hours of physical labor
in arduous environments that pose injury and health risks.

Workshift characteristics

Cardiovascular (40)

6

Males Females

10

Thermal
(37, 40, 121, 132)

Anthropometrics (120) Anthropometrics (120)

Equipment loads (120) Equipment loads (120)

Total energy demands (40, 109) Total energy demands (40, 109)

24 h water budget
(40, 77, 108, 109)

24 h water budget
(40, 77, 108, 109)

Aerobic capacity (47) Aerobic capacity (47)

Heat

Other variables

Seasonal response Load carriage (120)

Muscle

Segment VO2Heart rate
<100 37 ± 19%

Ambient

Metabolic demand

Work:Rest

Glycogen loss (39)

Hyperthermia (40)

Radiant

(°C)25 ± 12%
20 ± 8%
12 ± 8%
4 ± 5%
1 ± 2%

100–120

Be alert.

Fight fire

aggressively,
having provided
for safety first

8
Give clear

instructions

and ensure

they are

understood.

Keep calm.

Think clearly.

Act decisively.

120–140
140–160

Ht (cm)

Peak (mL/kg)

kcal/24 h

mL/kg/24 h

liter/24 h

Tvent (mL/kg)

%peak

179 ± 8

84.8 ± 11.0

27.1 ± 7.0
32.5 ± 9.0

26.5 ± 3.2

53.5 ± 7.4

4853 ± 764

2589 ± 696

2.7 ± 0.5

1.5 ± 0.4

3514 ± 631

1726 ± 554

2.5 ± 0.4

1.2 ± 0.4

8.6 ± 1.9

111 ± 22 mL/kg/24 h

liter/24 h 56.5 ± 1.9

99 ± 25

35.5 ± 2.3

66.4

Peak (mL/kg)
Tvent (mL/kg)

%peak

44.2 ± 2.6
34.8 ± 1.7

78.7

Wt (kg)

Wt (kg)
%BW

22.9 ± 4.9
34.2 ± 8.4

Wt (kg)
%BW

xBMR

xBMR

EEA (kcal)

kcal/24 h
xBMR

xBMR

EEA (kcal)

BMI

Ht (cm) 169 ± 9

67.8 ± 9.3

23.8 ± 1.7

Wt (kg)

BMI

160–180
>180

% Shift

Total nutrient intake (73)

Intensity

PSI

Low High

Macronutrient intake (73)

Sodium intake (73)

Duration 8–24 h
Ops length 14 days, 2 days off

Season 4–5 months
Overtime > 1000 h

kcal/24 h 3684 ± 1493

37.4 ± 0.5

21.5 ± 12.3

19.1 ± 12.3

19.0 ± 11.8
34.2 ± 14.5

Heat acclim. (71)

Ambient load (temp, altitude)
Sleep (h/night, cumulative loss)
Stress (PTSD, suicide risk)
Smoke exposure (PM 2.5)
Cognitive load (POMS)

Ingress

Shift

Egress
Training

Chol, lipids (29, 101)
HDL (29, 101)
Hepatic lipid (29)

FM (kg) (29, 47)
FFM (kg) (29, 47)

Muscle CSA (29)

Peak VO2 (47, 71)

2.6 ± 1.1 >7.5

+Δ1.5

4 ± 1Episodes/shift

CHO (g, g/kg) 434 ± 214, 5.3

6,513 ± 3555
2417 ± 1174

147 ± 68, 1.8
155 ± 82

PRO (g, g/kg)
FAT (g)

mg/24 h
mg/shift

>>
>

>

>

>, NC
NC, <

NC

NC

Figure 5 Physical characteristics of male and wildland firefighters on assignment and a comprehensive description of the measured energy
demands, fluid budgets, nutrient intake, work shift characteristics (length, equipment, cardiovascular, and thermal loads), and seasonal responses
and their relationship to the Standard Fire Orders (4).
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WLFFs face numerous challenges, as they must refeed at
rates that are sufficient to sustain their high daily energy
expenditures and drink sufficient fluid volumes to match their
high, water turnover. Sleep can be difficult both when trav-
eling to their fire assignment and in the remote areas where
they operate. WLFFs are chronically exposed to complex
pollutants in fire smoke. In this article, we have character-
ized the physical demands of their occupation, the typical
demographics and fitness characteristics they possess, and
the physical and emotional toll of seasonal work. Figures 4
and 5 synthesize what we know about the physiology of the
wildfire workforce and possible contributors to emergent
health risk factors we have documented in WLFFs across the
fire season (29, 101).

Call to Action
As the incidence and intensity of the fire season and wild-
fires are expected to increase, it can be anticipated that
WLFFs will face a larger physical and emotional burden.
Characterization of their drinking and nutritional behaviors,
thermal strain and environmental exposures, and dynamic
health status changes are now informing logistics and safety
personnel who work to meet WLFF needs and to protect their
safety. In addition, the accumulating body of published data
is informing the development of countermeasures to protect
WLFF performance and health. The recent observations
that blood lipid and other health status markers are being
negatively affected over the fire season is driving research
to better understand the causative agents and whether coun-
termeasures are needed to protect the near- and long-term
health of WLFFs. It is our hope that this article will fuel
further investigation to best protect WLFF health and their
well-being, and the development of crew-oriented compre-
hensive and targeted education materials. It is advised that
when emerging evidence indicates a change in policy or best
practice is warranted, that administrators, clinicians, health
care providers, and fire crew members collectively participate
in the crafting of the new policy or practice.

Acknowledgments
The authors would like to acknowledge the incredible support
we have received from various agencies, overhead teams,
and crew members over the decades of data collection in
the field on assignments. Special thanks is directed to Steve
Karkanen and Holly Maloney from the Lolo Hotshots who
embraced our research objectives and lofty goals from the
very beginning. Additional thanks are directed to the Mis-
soula Technology and Development Center (now the National
Technology and Development Program) for their assistance
in developing connections with crews and management teams
on assignments. Thanks also to the amazing team of graduate
students and research colleagues who adventured out on

wildfire assignments. A heartfelt thank you is directed to
Dr. Brian Sharkey who provided unwavering mentorship
and periodic ornery harassment during the early years of
developing this research focus. As an additional path to
provide supportive material to wildland fire families, the first
author has developed a children’s book entitled, “Wrango
and Banjo: On the Fireline,” www.wrangoandbanjo.com

Related Articles
Coping with Thermal Challenges: Physiological Adaptations
to Environmental Temperatures
Thermoregulatory Responses to Acute Exercise–Heat Stress
and Heat Acclimation
Nutrition and Exercise in Adverse Environments

References
1. ACIA. Impacts of a Warming Arctic: Arctic Climate Impact Assess-

ment, 2004.
2. Adetona O, Reinhardt TE, Domitrovich J, Broyles G, Adetona AM,

Kleinman MT, Ottmar RD, Naeher LP. Review of the health effects
of wildland fire smoke on wildland firefighters and the public. Inhal
Toxicol 28: 95-139, 2016.

3. Adetona O, Simpson CD, Onstad G, Naeher LP. Exposure of wild-
land firefighters to carbon monoxide, fine particles, and levoglucosan.
Ann Occup Hyg 57: 979-991, 2013.

4. Agriculture Do. Interagency Standards for Fire and Fire Aviation Oper-
ations. Boise, ID: Interagency Fire Center, 2022.

5. Aisbett B, Wolkow A, Sprajcer M, Ferguson SA. “Awake, smoky, and
hot”: Providing an evidence-base for managing the risks associated
with occupational stressors encountered by wildland firefighters. Appl
Ergon 43: 916-925, 2012.

6. Albini FA. Response of free-burning fires to nonsteady wind. Combust
Sci Technol 29: 225-241, 1982.

7. Amster ED, Fertig SS, Baharal U, Linn S, Green MS, Lencovsky Z,
Carel RS. Occupational exposures and symptoms among firefighters
and police during the carmel forest fire: The Carmel cohort study.
Isr Med Assoc J 15: 288-292, 2013.

8. Andrzej Bytnerowicz MA, Andersen C, Riebau A(Ed.). Wildland Fires
and Air Pollution. Developments in Environmental Science 8. Amster-
dam, The Netherlands: US Department of Agriculture, 2009.

9. Booth FW, Roberts CK, Laye MJ. Lack of exercise is a major cause of
chronic diseases. Compr Physiol 2: 1143-1211, 2012.

10. Bosch AN, Noakes TD. Carbohydrate ingestion during exercise and
endurance performance. Indian J Med Res 121: 634-638, 2005.

11. Brook RD, Rajagopalan S, Pope CA 3rd, Brook JR, Bhatnagar A,
Diez-Roux AV, Holguin F, Hong Y, Luepker RV, Mittleman MA,
Peters A, Siscovick D, Smith SC Jr, Whitsel L, Kaufman JD. Particu-
late matter air pollution and cardiovascular disease: An update to the
scientific statement from the American Heart Association. Circulation
121: 2331-2378, 2010.

12. Brooks SJ, West MR, Domitrovich JW, Sol JA, Holubetz H, Partridge
C, Ruby BC, Brown AF, Roe AJ. Nutrient intake of wildland firefight-
ers during arduous wildfire suppression: Macronutrient and micronu-
trient consumption. J Occup Environ Med 63: e949-e956, 2021.

13. Brown TJ, Hall BL, Westerling AL. The impact of twenty-first century
climate change on wildland fire danger in the Western United States:
An applications perspective. Clim Chang 62: 365-388, 2004.

14. Budd GBJ, Hendrie A, Jeffery S, Beasley F, Costin B, Zhien W,
Baker M, Cheney N, Dawson M. Project aquarius 1. Stress, strain, and
productivity in men suppressing Australian summer bushfires with
hand tools: Background, objectives, and methods. Int J Wildland Fire
7: 69-76, 1997.

15. Budd GM. How do wildland firefighters cope? Physiological and
behavioural temperature regulation in men suppressing Australian
summer bushfires with hand tools. J Therm Biol 26: 381-386, 2001.

16. Burke LM, Cox GR, Culmmings NK, Desbrow B. Guidelines for daily
carbohydrate intake: Do athletes achieve them? Sports Med 31: 267-
299, 2001.

17. Burke LM, van Loon LJC, Hawley JA. Postexercise muscle glycogen
resynthesis in humans. J Appl Physiol 122: 1055-1067, 2017.

18. Carmen ED, Saladino C, Brown WE. Urban and suburban population
growth in the mountain west. 2019.

4612 Volume 13, April 2023

 10.1002/cphy.c220016, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cphy.c220016 by B

rent R
uby - U

niversity O
f M

ontana M
ansfield L

ibrary-Serials , W
iley O

nline L
ibrary on [31/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.wrangoandbanjo.com


Comprehensive Physiology Physiology of the Wildland Firefighter

19. Carmona-Moreno C, Belward A, Malingreau J-P, Hartley A, Garcia-
Alegre M, Antonovskiy M, Buchshtaber V, Pivovarov V. Characteriz-
ing interannual variations in global fire calendar using data from earth
observing satellites. Glob Chang Biol 11: 1537-1555, 2005.

20. Cascio WE. Wildland fire smoke and human health. Sci Total Environ
624: 586-595, 2018.

21. Cater H, Clancy D, Duffy K, Holgate A, Wilison B, Wood J. Fatigue
on the fireground: The DPI experience. In: Australasian Fire Author-
ities Council/Bushfire Co-Operative Research Centre Annual Confer-
ence. Hobart, Australia, 2007.

22. Chen H, Samet JM, Bromberg PA, Tong H. Cardiovascular health
impacts of wildfire smoke exposure. Part Fibre Toxicol 18: 2, 2021.

23. Cherry N, Galarneau JM, Kinniburgh D, Quemerais B, Tiu S, Zhang X.
Exposure and absorption of PAHs in wildland firefighters: A field study
with pilot interventions. Ann Work Expo Health 65: 148-161, 2021.

24. Cheung SS, McLellan TM, Tenaglia S. The thermophysiology
of uncompensable heat stress. Physiological manipulations and
individual characteristics. Sports Med 29: 329-359, 2000.

25. Christison KS, Gurney SC, Sol JA, Williamson-Reisdorph CM,
Quindry TS, Quindry JC, Dumke CL. Muscle damage and overreach-
ing during wildland firefighter critical training. J Occup Environ Med
63: 350-356, 2021.

26. Cochrane MA. Fire science for rainforests. Nature 421: 913-919, 2003.
27. Coker MS, Ladd K, Murphy CJ, Ruby BC, Shriver TC, Schoeller DA,

Newcomer BR, Bateman T, Bartlett L, Coker RH. Alaska backcoun-
try expeditionary hunting promotes rapid improvements in metabolic
biomarkers in healthy males and females. Physiol Rep 9: e14682, 2021.

28. Coker RH, Coker MS, Bartlett L, Murphy CJ, Priebe K, Shriver TC,
Schoeller DA, Ruby BC. The energy requirements and metabolic ben-
efits of wilderness hunting in Alaska. Physiol Rep 6: e13925, 2018.

29. Coker RH, Murphy CJ, Johannsen M, Galvin G, Ruby BC. Wildland
firefighting: Adverse influence on indices of metabolic and cardiovas-
cular health. J Occup Environ Med 61: e91-e94, 2019.

30. Cooper JA, Nguyen DD, Ruby BC, Schoeller DA. Maximal sustained
levels of energy expenditure in humans during exercise. Med Sci Sports
Exerc 43: 2359-2367, 2011.

31. Coyle EF. Fluid and fuel intake during exercise. J Sports Sci 22: 39-55,
2004.

32. Cramer MJ, Dumke CL, Hailes WS, Cuddy JS, Ruby BC. Postexercise
glycogen recovery and exercise performance is not significantly differ-
ent between fast food and sport supplements. Int J Sport Nutr Exerc
Metab 25: 448-455, 2015.

33. Cuddy JS, Buller M, Hailes WS, Ruby BC. Skin temperature and
heart rate can be used to estimate physiological strain during exercise
in the heat in a cohort of fit and unfit males. Mil Med 178: e841-e847,
2013.

34. Cuddy JS, Gaskill SE, Sharkey BJ, Harger SG, Ruby BC. Supplemental
feedings increase self-selected work output during wildfire suppres-
sion. Med Sci Sports Exerc 39: 1004-1012, 2007.

35. Cuddy JS, Ham JA, Harger SG, Slivka DR, Ruby BC. Effects of an
electrolyte additive on hydration and drinking behavior during wildfire
suppression. Wilderness Environ Med 19: 172-180, 2008.

36. Cuddy JS, Reinert AR, Hansen KC, Ruby BC. Effects of modafinil and
sleep loss on physiological parameters. Mil Med 173: 1092-1097, 2008.

37. Cuddy JS, Ruby BC. High work output combined with high ambient
temperatures caused heat exhaustion in a wildland firefighter despite
high fluid intake. Wilderness Environ Med 22: 122-125, 2011.

38. Cuddy JS, Slivka DR, Hailes WS, Dumke CL, Ruby BC. Metabolic
profile of the Ironman World Championships: A case study. Int J Sports
Physiol Perform 5: 570-576, 2010.

39. Cuddy JS, Slivka DR, Tucker TJ, Hailes WS, Ruby BC. Glycogen
levels in wildland firefighters during wildfire suppression. Wilderness
Environ Med 22: 23-27, 2011.

40. Cuddy JS, Sol JA, Hailes WS, Ruby BC. Work patterns dictate energy
demands and thermal strain during wildland firefighting. Wilderness
Environ Med 26: 221-226, 2015.

41. DeLany JP, Schoeller DA, Hoyt RW, Askew EW, Sharp MA. Field use
of D2 18O to measure energy expenditure of soldiers at different energy
intakes. J Appl Physiol (1985) 67: 1922-1929, 1989.

42. De-Lorenzo-Green T, Sharkey B. Development and validation of a
work capacity test for wildland firefighters: 930. Med Sci Sports Exerc
27: S166, 1995.

43. Epton MJ, Dawson RD, Brooks WM, Kingham S, Aberkane T,
Cavanagh JA, Frampton CM, Hewitt T, Cook JM, McLeod S,
McCartin F, Trought K, Brown L. The effect of ambient air pollution
on respiratory health of school children: A panel study. Environ Health
7: 16, 2008.

44. Ferguson MD, Semmens EO, Dumke C, Quindry JC, Ward TJ. Mea-
sured pulmonary and systemic markers of inflammation and oxidative
stress following wildland firefighter simulations. J Occup Environ Med
58: 407-413, 2016.

45. Flynn S, Rosales A, Hailes W, Ruby B. Males and females exhibit
similar muscle glycogen recovery with varied recovery food sources.
Eur J Appl Physiol 120: 1131-1142, 2020.

46. Foster E, Lee C, Imamura F, Hollidge SE, Westgate KL, Venables MC,
Poliakov I, Rowland MK, Osadchiy T, Bradley JC, Simpson EL, Adam-
son AJ, Olivier P, Wareham N, Forouhi NG, Brage S. Validity and reli-
ability of an online self-report 24-h dietary recall method (Intake24):
A doubly labelled water study and repeated-measures analysis. J Nutr
Sci 8: e29, 2019.

47. Gaskill SE, Dumke CL, Palmer CG, Ruby BC, Domitrovich JW, Sol
JA. Seasonal changes in wildland firefighter fitness and body composi-
tion. Int J Wildland Fire 29: 294-303, 2020.

48. Gumieniak RJ, Gledhill N, Jamnik VK. Physical employment standard
for Canadian wildland firefighters: Examining test-retest reliabil-
ity and the impact of familiarisation and physical fitness training.
Ergonomics 61: 1324-1333, 2018.

49. Gurney SC, Christison KS, Stenersen T, Dumke CL. Effect of uncom-
pensable heat from the wildland firefighter helmet. Int J Wildland Fire
30: 990-997, 2021.

50. Harris JA, Benedict FG. A biometric study of human basal metabolism.
Proc Natl Acad Sci U S A 4: 370-373, 1918.

51. Heil DP. Estimating energy expenditure in wildland fire fighters using
a physical activity monitor. Appl Ergon 33: 405-413, 2002.

52. Heinrich EC, Djokic MA, Gilbertson D, DeYoung PN, Bosompra NO,
Wu L, Anza-Ramirez C, Orr JE, Powell FL, Malhotra A, Simonson TS.
Cognitive function and mood at high altitude following acclimatization
and use of supplemental oxygen and adaptive servoventilation sleep
treatments. PLoS One 14: e0217089, 2019.

53. Hendrie AL, Brotherhood JR, Budd GR, Jeffery SE, Beasley F, Costin
BP, Zhien W, Baker M, Cheney NP, Dawson M. Project aquarius 8.
Sweating, drinking, and dehydration in men suppressing wildland fires.
Int J Wildland Fire 7: 145-158, 1997.

54. Hess H, Hostler D. Respiratory muscle training effects on performance
in hypo- and hyperbaria. Aerosp Med Hum Perform 89: 996-1001, 2018.

55. Hew-Butler T, Rosner MH, Fowkes-Godek S, Dugas JP, Hoffman MD,
Lewis DP, Maughan RJ, Miller KC, Montain SJ, Rehrer NJ, Roberts
WO, Rogers IR, Siegel AJ, Stuempfle KJ, Winger JM, Verbalis JG.
Statement of the Third International Exercise-Associated Hypona-
tremia Consensus Development Conference, Carlsbad, California,
2015. Clin J Sport Med 25: 303-320, 2015.

56. Hew-Butler TD, Sharwood K, Collins M, Speedy D, Noakes T. Sodium
supplementation is not required to maintain serum sodium concentra-
tions during an Ironman triathlon. Br J Sports Med 40: 255-259, 2006.

57. Hing M, Cabrera J, Barstow C, Forsten R. Special operations forces
and incidence of post-traumatic stress disorder symptoms. J Spec Oper
Med 12: 23-35, 2012.

58. Houck JM, Mermier CM, Beltz NM, Johnson KE, VanDusseldorp TA,
Escobar KA, Gibson AL. Physical fitness evaluation of career urban
and wildland firefighters. J Occup Environ Med 62: e302-e307, 2020.

59. Hoyt RW, Jones TE, Baker-Fulco CJ, Schoeller DA, Schoene RB,
Schwartz RS, Askew EW, Cymerman A. Doubly labeled water mea-
surement of human energy expenditure during exercise at high altitude.
Am J Phys 266: R966-R971, 1994.

60. Innes JM, Clarke A. The responses of professional fire-fighters to dis-
aster. Disasters 9: 149-154, 1985.

61. Jeukendrup AE. Carbohydrate intake during exercise and performance.
Nutrition 20: 669-677, 2004.

62. Jongeneelen FJ, Bos RP. Excretion of pyrene and hydroxypyrene in
urine. Cancer Lett 51: 175-179, 1990.

63. Kubesch NJ, de Nazelle A, Westerdahl D, Martinez D, Carrasco-
Turigas G, Bouso L, Guerra S, Nieuwenhuijsen MJ. Respiratory and
inflammatory responses to short-term exposure to traffic-related air
pollution with and without moderate physical activity. Occup Environ
Med 72: 284-293, 2015.

64. Lane HW, Gretebeck RJ, Schoeller DA, Davis-Street J, Socki RA,
Gibson EK. Comparison of ground-based and space flight energy
expenditure and water turnover in middle-aged healthy male US
astronauts. Am J Clin Nutr 65: 4-12, 1997.

65. Larsen B, Snow R, Aisbett B. Effect of heat on firefighters’ work per-
formance and physiology. J Therm Biol 53: 1-8, 2015.

66. Larsen B, Snow R, Vincent G, Tran J, Wolkow A, Aisbett B. Multiple
days of heat exposure on firefighters’ work performance and physiol-
ogy. PLoS One 10: e0136413, 2015.

67. Larsen B, Snow R, Williams-Bell M, Aisbett B. Simulated firefight-
ing task performance and physiology under very hot conditions. Front
Physiol 6: 322, 2015.

68. Leykin D, Lahad M, Bonneh N. Posttraumatic symptoms and posttrau-
matic growth of israeli firefighters, at one month following the carmel
fire disaster. Psychiatry J 2013: 274121, 2013.

69. Lieberman HR, Falco CM, Slade SS. Carbohydrate administration
during a day of sustained aerobic activity improves vigilance, as
assessed by a novel ambulatory monitoring device, and mood. Am J
Clin Nutr 76: 120-127, 2002.

70. Londeree BR. Effect of training on lactate/ventilatory thresholds: A
meta-analysis. Med Sci Sports Exerc 29: 837-843, 1997.

71. Lui B, Cuddy JS, Hailes WS, Ruby BC. Seasonal heat acclimatization
in wildland firefighters. J Therm Biol 45: 134-140, 2014.

Volume 13, April 2023 4613

 10.1002/cphy.c220016, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cphy.c220016 by B

rent R
uby - U

niversity O
f M

ontana M
ansfield L

ibrary-Serials , W
iley O

nline L
ibrary on [31/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Physiology of the Wildland Firefighter Comprehensive Physiology

72. Margaria R, Aghemo P, Rovelli E. Measurement of muscular power
(anaerobic) in man. J Appl Physiol 21: 1662-1664, 1966.

73. Marks AN, Sol JA, Domitrovich JW, West MR, Ruby BC. Total energy
intake and self-selected macronutrient distribution during wildland fire
suppression. Wilderness Environ Med 31: 188-196, 2020.

74. McDermott BP, Anderson SA, Armstrong LE, Casa DJ, Cheuvront SN,
Cooper L, Kenney WL, O’Connor FG, Roberts WO. National Ath-
letic Trainers’ Association position statement: Fluid replacement for
the physically active. J Athl Train 52: 877-895, 2017.

75. McGillis Z, Dorman SC, Robertson A, Larivière M, Leduc C, Eger T,
Oddson BE, Larivière C. Sleep quantity and quality of Ontario wildland
firefighters across a low-hazard fire season. J Occup Environ Med 59:
1188-1196, 2017.

76. Mitten D, Overholt JR, Haynes FI, D’Amore CC, Ady JC. Hiking:
A low-cost, accessible intervention to promote health benefits. Am J
Lifestyle Med 12: 302-310, 2018.

77. Montain SJ, Baker-Fulco CJ, Niro PJ, Reinert AR, Cuddy JS, Ruby BC.
Efficacy of eat-on-move ration for sustaining physical activity, reaction
time, and mood. Med Sci Sports Exerc 40: 1970-1976, 2008.

78. Montain SJ, Coyle EF. Influence of the timing of fluid ingestion on tem-
perature regulation during exercise. J Appl Physiol (1985) 75: 688-695,
1993.

79. Montain SJ, Shippee RL, Tharion WJ. Carbohydrate-electrolyte
solution effects on physical performance of military tasks. Aviat Space
Environ Med 68: 384-391, 1997.

80. Mota N, Bolton SL, Enns MW, Afifi TO, El-Gabalawy R, Sommer
JL, Pietrzak RH, Stein MB, Asmundson GJG, Sareen J. Course and
predictors of posttraumatic stress disorder in the Canadian armed
forces: A nationally representative, 16-year follow-up study: Cours
et prédicteurs du trouble de stress post-traumatique dans les Forces
armées canadiennes: une étude de suivi de 16 ans nationalement
représentative. Can J Psychiatr 66 (11): 982-995, 2021.

81. Naeher LP, Brauer M, Lipsett M, Zelikoff JT, Simpson CD, Koenig
JQ, Smith KR. Woodsmoke health effects: A review. Inhal Toxicol 19:
67-106, 2007.

82. Navarro K. Working in smoke:: Wildfire impacts on the health of fire-
fighters and outdoor workers and mitigation strategies. Clin Chest Med
41: 763-769, 2020.

83. Navarro KM, Kleinman MT, Mackay CE, Reinhardt TE, Balmes
JR, Broyles GA, Ottmar RD, Naher LP, Domitrovich JW. Wildland
firefighter smoke exposure and risk of lung cancer and cardiovascular
disease mortality. Environ Res 173: 462-468, 2019.

84. Nawrot TS, Perez L, Künzli N, Munters E, Nemery B. Public health
importance of triggers of myocardial infarction: A comparative risk
assessment. Lancet 377: 732-740, 2011.

85. Neufer PD. The effect of detraining and reduced training on the physio-
logical adaptations to aerobic exercise training. Sports Med 8: 302-320,
1989.

86. Oravisjärvi K, Pietikäinen M, Ruuskanen J, Rautio A, Voutilainen A,
Keiski RL. Effects of physical activity on the deposition of traffic-
related particles into the human lungs in silico. Sci Total Environ 409:
4511-4518, 2011.

87. Pahnke MD, Trinity JD, Zachwieja JJ, Stofan JR, Hiller WD, Coyle
EF. Serum sodium concentration changes are related to fluid balance
and sweat sodium loss. Med Sci Sports Exerc 42: 1669-1674, 2010.

88. Palmer L, Thandi G, Norton S, Jones M, Fear NT, Wessely S, Rona
RJ. Fourteen-year trajectories of posttraumatic stress disorder (PTSD)
symptoms in UK military personnel, and associated risk factors. J Psy-
chiatr Res 109: 156-163, 2019.

89. Pasalic E, Hayat MJ, Greenwald R. Air pollution, physical activity,
and markers of acute airway oxidative stress and inflammation in ado-
lescents. J Ga Public Health Assoc 6: 314-330, 2016.

90. Peters B, Ballmann C, Quindry T, Zehner EG, McCroskey J, Ferguson
M, Ward T, Dumke C, Quindry JC. Experimental woodsmoke exposure
during exercise and blood oxidative stress. J Occup Environ Med 60:
1073-1081, 2018.

91. Petersen A, Payne W, Phillips M, Netto K, Nichols D, Aisbett B. Valid-
ity and relevance of the pack hike wildland firefighter work capacity
test: A review. Ergonomics 53: 1276-1285, 2010.

92. Pimental NA, Pandolf KB. Energy expenditure while standing or walk-
ing slowly uphill or downhill with loads. Ergonomics 22: 963-973,
1979.

93. Pope CA 3rd, Dockery DW. Health effects of fine particulate air pollu-
tion: Lines that connect. J Air Waste Manage Assoc 56: 709-742, 2006.

94. Pramsohler S, Wimmer S, Rausch L, Netzer N. Sleep at altitude. Pneu-
mologie 71: 146-150, 2017.

95. Psarros C, Theleritis C, Kokras N, Lyrakos D, Koborozos A,
Kakabakou O, Tzanoulinos G, Katsiki P, Bergiannaki JD. Personality
characteristics and individual factors associated with PTSD in fire-
fighters one month after extended wildfires. Nord J Psychiatry 72:
17-23, 2018.

96. Raines J, Snow R, Nichols D, Aisbett B. Fluid intake, hydration, work
physiology of wildfire fighters working in the heat over consecutive
days. Ann Occup Hyg 59: 554-565, 2015.

97. Raines J, Snow R, Petersen A, Harvey J, Nichols D, Aisbett B. Pre-shift
fluid intake: Effect on physiology, work and drinking during emergency
wildfire fighting. Appl Ergon 43: 532-540, 2012.

98. Raines J, Snow R, Petersen A, Harvey J, Nichols D, Aisbett B. The
effect of prescribed fluid consumption on physiology and work behav-
ior of wildfire fighters. Appl Ergon 44: 404-413, 2013.

99. Reinhardt TE, Ottmar RD. Baseline measurements of smoke exposure
among wildland firefighters. J Occup Environ Hyg 1: 593-606, 2004.

100. Rodríguez-Marroyo JA, López-Satue J, Pernía R, Carballo B, García-
López J, Foster C, Villa JG. Physiological work demands of Span-
ish wildland firefighters during wildfire suppression. Int Arch Occup
Environ Health 85: 221-228, 2012.

101. Rosales AM, Dodds PS, Hailes WS, Sol JA, Coker RH, Quindry JC,
Ruby BC. Deterioration of lipid metabolism despite fitness improve-
ments in wildland firefighters. J Occup Environ Med 64: 385-389, 2022.

102. Rosales AM, Dodds PS, Sol JA, Marks AN, Domitrovich JW, Ruby
BC. Workshift changes in hydration status during wildfire suppression.
J Occup Environ Med 63: 963-969, 2021.

103. Rosales AM, Hailes WS, Dodds PS, Marks AN, Ruby BC. Influence of
fluid delivery schedule and composition on fluid balance, physiologic
strain, and substrate use in the heat. Wilderness Environ Med 32 (1):
27-35, 2021.

104. Rosales AM, Keck NA, Shriver TC, Schoeller DA, Ruby BC. Septua-
genarians approach 4 times the basal metabolic rate during race across
America. Int J Sports Physiol Perform 17 (5): 806-809, 2022.

105. Rosenbaum S, Stubbs B, Ward PB, Steel Z, Lederman O, Vancampfort
D. The prevalence and risk of metabolic syndrome and its components
among people with posttraumatic stress disorder: A systematic review
and meta-analysis. Metabolism 64: 926-933, 2015.

106. Ruby B, Cuddy J, Hailes W, Dumke C, Slivka DR, Shriver T, Schoeller
D. Extreme endurance and the metabolic range of sustained activity is
uniquely available for every human not just the elite few. Comp Exerc
Physiol 11: 1-7, 2015.

107. Ruby BC, Iii GWL, Armstrong DW, Gaskill SE. Wildland firefighter
load carriage: Effects on transit time and physiological responses
during simulated escape to safety zone. Int J Wildland Fire 12:
111-116, 2003.

108. Ruby BC, Schoeller DA, Sharkey BJ, Burks C, Tysk S. Water turnover
and changes in body composition during arduous wildfire suppression.
Med Sci Sports Exerc 35: 1760-1765, 2003.

109. Ruby BC, Shriver TC, Zderic TW, Sharkey BJ, Burks C, Tysk S.
Total energy expenditure during arduous wildfire suppression. Med Sci
Sports Exerc 34: 1048-1054, 2002.

110. Samuel VT, Shulman GI. Nonalcoholic fatty liver disease as a nexus of
metabolic and hepatic diseases. Cell Metab 27: 22-41, 2018.

111. Sawka MN, Burke LM, Eichner ER, Maughan RJ, Montain SJ,
Stachenfeld NS. American College of Sports Medicine position stand.
Exercise and fluid replacement. Med Sci Sports Exerc 39: 377-390,
2007.

112. Schleh MW, Ruby BC, Dumke CL. Short term heat acclimation reduces
heat stress, but is not augmented by dehydration. J Therm Biol 78: 227-
234, 2018.

113. Schoeller DA. Measurement of energy expenditure in free-living
humans by using doubly labeled water. J Nutr 118: 1278-1289, 1988.

114. Sharkey B. Development and validation of a job-related work capac-
ity test for wildland firefighters. In: Wildland Firefighter Health and
Safety Recommendations of the April 1999 Conference. Missoula, MT:
International Association of Wildland Fire, 1999.

115. Sharkey B, Rothwell T. Validation and field evaluation of a work capac-
ity test for wildland firefighters 467. Med Sci Sports Exerc 28: 79, 1996.

116. Sharkey BJ, Gaskill SE. Fitness and Work Capacity. USFS publication,
Boise, ID, 2009.

117. Sigsgaard T, Forsberg B, Annesi-Maesano I, Blomberg A, Bølling A,
Boman C, Bønløkke J, Brauer M, Bruce N, Héroux ME, Hirvonen MR,
Kelly F, Künzli N, Lundbäck B, Moshammer H, Noonan C, Pagels J,
Sallsten G, Sculier JP, Brunekreef B. Health impacts of anthropogenic
biomass burning in the developed world. Eur Respir J 46: 1577-1588,
2015.

118. Silcox F. Fire Prevention and Control on the National Forests Year-
book of the Department of Agriculture. Government Priting Office,
Washington, 1911. https://foresthistory.org/wp-content/uploads/2017/
01/Silcox_Fire_1910.pdf

119. Sol JA, Domitrovich JW, Ruby BC, Gaskill SE, Dumke CL. In reply
to Drs McAnaney and Ganti. Wilderness Environ Med 30: 217-218,
2019.

120. Sol JA, Ruby BC, Gaskill SE, Dumke CL, Domitrovich JW. Metabolic
demand of hiking in wildland firefighting. Wilderness Environ Med 29:
304-314, 2018.

121. Sol JA, West MR, Domitrovich JW, Ruby BC. Evaluation of environ-
mental conditions on self-selected work and heat stress in wildland
firefighting. Wilderness Environ Med 32: 149-159, 2021.

122. Sommer JL, Mota N, Thompson JM, Asmundson GJ, Sareen J, Bern-
stein CN, Marrie RA, El-Gabalawy R. Associations between courses

4614 Volume 13, April 2023

 10.1002/cphy.c220016, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cphy.c220016 by B

rent R
uby - U

niversity O
f M

ontana M
ansfield L

ibrary-Serials , W
iley O

nline L
ibrary on [31/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://foresthistory.org/wp-content/uploads/2017/01/Silcox_Fire_1910.pdf
https://foresthistory.org/wp-content/uploads/2017/01/Silcox_Fire_1910.pdf


Comprehensive Physiology Physiology of the Wildland Firefighter

of posttraumatic stress disorder and physical health conditions among
Canadian military personnel. J Anxiety Disord 87: 102543, 2022.

123. Thurber C, Dugas LR, Ocobock C, Carlson B, Speakman JR, Pontzer H.
Extreme events reveal an alimentary limit on sustained maximal human
energy expenditure. Sci Adv 5: eaaw0341, 2019.

124. Trappe TA, Gastaldelli A, Jozsi AC, Troup JP, Wolfe RR. Energy
expenditure of swimmers during high volume training. Med Sci Sports
Exerc 29: 950-954, 1997.

125. Tunno B, Longley I, Somervell E, Edwards S, Olivares G, Gray S,
Cambal L, Chubb L, Roper C, Coulson G, Clougherty JE. Separat-
ing spatial patterns in pollution attributable to woodsmoke and other
sources, during daytime and nighttime hours, in Christchurch, New
Zealand. Environ Res 171: 228-238, 2019.

126. U.S. Global Change Research Program. The Impacts of Climate
Change on Human Health in the United States: A Scientific Assessment
2016.

127. Vincent G, Ferguson SA, Tran J, Larsen B, Wolkow A, Aisbett B. Sleep
restriction during simulated wildfire suppression: Effect on physical
task performance. PLoS One 10: e0115329, 2015.

128. Vincent GE, Aisbett B, Hall SJ, Ferguson SA. Fighting fire and fatigue:
Sleep quantity and quality during multi-day wildfire suppression.
Ergonomics 59: 932-940, 2016.

129. Vincent GE, Aisbett B, Larsen B, Ridgers ND, Snow R, Ferguson SA.
The impact of heat exposure and sleep restriction on firefighters’ work
performance and physiology during simulated wildfire suppression.
Int J Environ Res Public Health 14: 180, 2017.

130. Vodovotz Y, Barnard N, Hu FB, Jakicic J, Lianov L, Loveland D,
Buysse D, Szigethy E, Finkel T, Sowa G, Verschure P, Williams K,
Sanchez E, Dysinger W, Maizes V, Junker C, Phillips E, Katz D,
Drant S, Jackson RJ, Trasande L, Woolf S, Salive M, South-Paul
J, States SL, Roth L, Fraser G, Stout R, Parkinson MD. Prioritized
research for the prevention, treatment, and reversal of chronic disease:
Recommendations from the lifestyle medicine research summit.
Front Med (Lausanne) 7: 585744, 2020.

131. Werdermann M, Berger I, Scriba LD, Santambrogio A, Schlinkert P,
Brendel H, Morawietz H, Schedl A, Peitzsch M, King AJF, Ando-
niadou CL, Bornstein SR, Steenblock C. Insulin and obesity transform
hypothalamic-pituitary-adrenal axis stemness and function in a hyper-
active state. Mol Metab 43: 101112, 2021.

132. West MR, Costello S, Sol JA, Domitrovich JW. Risk for heat-related ill-
ness among wildland firefighters: Job tasks and core body temperature
change. Occup Environ Med 77: 433-438, 2020.

133. Westerterp KR, Kayser B, Brouns F, Herry JP, Saris WH. Energy
expenditure climbing Mt. Everest. J Appl Physiol (1985) 73: 1815-
1819, 1992.

134. Westerterp KR, Plasqui G, Goris AH. Water loss as a function of energy
intake, physical activity and season. Br J Nutr 93: 199-203, 2005.

135. Westerterp KR, Saris WH, van Es M, ten Hoor F. Use of the doubly
labeled water technique in humans during heavy sustained exercise.
J Appl Physiol (1985) 61: 2162-2167, 1986.

136. Williams-Bell FM, Aisbett B, Murphy BA, Larsen B. The effects of
simulated wildland firefighting tasks on core temperature and cognitive
function under very hot conditions. Front Physiol 8: 815, 2017.

137. Wolkow A, Aisbett B, Jefferies S, Main LC. Effect of heat exposure and
simulated physical firefighting work on acute inflammatory and cortisol
responses. Ann Work Expo Health 61: 600-603, 2017.

138. Wolkow A, Aisbett B, Reynolds J, Ferguson SA, Main LC. Rela-
tionships between inflammatory cytokine and cortisol responses in
firefighters exposed to simulated wildfire suppression work and sleep
restriction. Physiol Rep 3: e12604, 2015.

139. Wolkow A, Aisbett B, Reynolds J, Ferguson SA, Main LC. Acute
psychophysiological relationships between mood, inflammatory and
cortisol changes in response to simulated physical firefighting work
and sleep restriction. Applied Psychophysiol Biofeedback 41: 165-180,
2016.

140. Wolkow A, Ferguson SA, Vincent GE, Larsen B, Aisbett B, Main LC.
The impact of sleep restriction and simulated physical firefighting work
on acute inflammatory stress responses. PLoS One 10: e0138128, 2015.

141. Xu MX, Ge CX, Qin YT, Gu TT, Lou DS, Li Q, Hu LF, Feng J,
Huang P, Tan J. Prolonged PM2.5 exposure elevates risk of oxidative
stress-driven nonalcoholic fatty liver disease by triggering increase of
dyslipidemia. Free Radic Biol Med 130: 542-556, 2019.

142. Zong C, Song G, Yao S, Guo S, Yu Y, Yang N, Guo Z, Qin S. Cigarette
smoke exposure impairs reverse cholesterol transport which can be
minimized by treatment of hydrogen-saturated saline. Lipids Health
Dis 14: 159, 2015.

Volume 13, April 2023 4615

 10.1002/cphy.c220016, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cphy.c220016 by B

rent R
uby - U

niversity O
f M

ontana M
ansfield L

ibrary-Serials , W
iley O

nline L
ibrary on [31/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


